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Resumo 
O Sistema nervoso está organizado para detectar, representar e processar a 
informação sensorial com o intuito de gerar respostas comportamentais e 
fisiológicas adequadas. Apesar da importância de odores capazes de gerar 
respostas instintivas, sua representação neural segue pouco caracterizada no 
cérebro de mamíferos. No presente trabalho analisamos diferentes áreas no 
cérebro ativadas por uma vasta gama de odores capazes de gerar respostas 
instintivas (feromônios e cairomônios), e notamos que o cérebro é muito ativado 
por odores de outras espécies, especialmente predadoras. Quando analisamos 
o padrão de representação de sinais químicos no núcleo amidalar medial no 
cérebro, não observamos nenhum tipo de segregação espacial na representação 
de odores de predadores e conspecíficos, contrariando o atual modelo de 
organização deste núcleo que implica na existência de dois setores nessa área, 
relacionadas com comportamentos sociais ou de defesa contra predadores. 
Surpreendentemente, entretanto, encontramos um mapa organizado da 
informação olfatória em outro núcleo cerebral, em que diferentes estímulos 
induzem atividade em neurônios distintos e posicionados de maneira 
estereotípica no hipotálamo ventromedial. Este padrão de atividade parece não 
refletir os comportamentos induzidos, e ao invés disso parece representar a 
identidade dos neurônios ativados no órgão vomeronasal. Estes resultados 
indicam que padrão de representação de estímulos olfatórios no hipotálamo 
ventromedial constitui, em contrapartida a um mapa comportamental. O achado 
surpreendente deste mapa no sistema límbico ajudará a entender como a 
informação olfatória é processada no cérebro para gerar comportamentos 
instintivos, em especial, àqueles importantes para a sobrevivência do indivíduo 
e da espécie. 
  
 Abstract 
The nervous system is organized to detect, internally represent and process 
sensory information to generate appropriate physiological and behavioral 
responses. Despite the crucial importance of odors that elicit instinctive 
behaviors, their neural representation remains little characterized in the 
mammalian brain. In this thesis, we have studied selected brain areas activated 
by a range of odors capable of eliciting instinctive behaviors (pheromones and 
kairomones), and found the brain to be exquisitely activated by odors from other 
species, especially predators. When we analyzed the representation of 
chemosignals in the medial nucleus of the amygdala in the brain, no spatial 
segregation in the representation of predator and conspecific odors was 
observed, contrary to previous models that implicated supposedly distinct sector 
of this brain area in social and predator defense behaviors. Surprisingly, however, 
we found a discernibly organized map of olfactory information in another higher 
brain center, where different stimuli entail activity in distinct and stereotypically 
positioned groups of neurons in the ventromedial nucleus of the hypothalamus. 
This activity pattern does not reflect the induced behaviors, as proposed by 
others, and seems to reflect the molecular receptors involved in the detection of 
these cues by the vomeronsasal organ. Therefore, the organization of olfactory 
information in the hypothalamus probably constitutes a sensory neural map, as 
opposed to a behavioral map. The surprising finding of such map in the limbic 
system will help understand how odor information is processed in the brain to 
generate instinctive behaviors, particularly those that are important for the 
survival of the individual and the species. 
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1. General introduction 
One of the most remarkable adaptations of organisms is the ability to detect 
and properly respond to different cues in the environment. In animals, this task is 
performed by the nervous system, which is able to transform sensory information into 
neural activity to eventually generate appropriate physiological and behavioral 
responses. Among all sensory modalities, chemoreception is the most widely diffused 
throughout all kingdoms of life, and in animals the main form of chemoreception is 
olfaction. Moreover, the olfactory system is probably the most important sensory 
system in terrestrial animals (FARBMAN, 1992), being responsible for the detection of 
food and its quality, potential predators, possible mating partners and their status, 
among others. 
Since the publication of the seminal work by Nobel-prize winners Richard 
Axel and Linda Buck in 1991 (BUCK; AXEL, 1991), who described for the first time the 
genes for olfactory receptors (ORs), there has been a growing interest in this sensory 
modality, in the physiological and molecular mechanisms that control its functioning 
and in the neural circuits involved in processing and representing olfactory information. 
Most of the discoveries in this field of study have come from the use of various murine 
models; following this trend, the current work used mice as model organisms, which 
possess a very well developed olfactory system, depending on it for the generation 
and modulation of key adaptive instinctive behaviors. 
The mouse olfactory system is divided into a series of subsystems, each 
with specific sensory organs occupying distinct regions of the nasal cavity (MUNGER 
et al., 2009). Among these subsystems, two of them are much better characterized 
and will be highlighted here: the main olfactory system (MOS) and the accessory 
olfactory system (AOS). These systems present distinct anatomical, physiological and 
molecular characteristics (MUNGER et al., 2009), and exhibit partial functional 
segregation. The present work focuses on the AOS and the brain circuits that receive 
information from this system's sensory interface, which will be more thoroughly 
described in the following sections. For comparison purposes and for better 
understanding on the functionality of olfaction in mammals, a brief description of the 
MOS and the brain circuits involved in processing the information detected by this 
system will also be provided. 
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1.1 The main olfactory system 
The main olfactory system is mostly responsible for the detection of volatile 
odors known as odorants, which generally inform the animal of the surrounding 
chemoenvironment. This subsystem is composed of a sensory neuroepithelium 
located in the superior/posterior region of the nasal cavity, known as Main Olfactory 
Epithelium (MOE). Moreover, the system includes a primary processing center for 
olfactory information that reaches the brain, the Main Olfactory Bulb (MOB), and 
superior brain regions that interpret the information detected in the MOE. 
The MOE presents a wide range of sensory cells that are generally involved 
in the detection of chemical molecules that reach the nasal cavity, including volatile 
odors and some pheromones (MUNGER; LEINDERS-ZUFALL; ZUFALL, 2009; 
ZUFALL; LEINDERS-ZUFALL, 2007) The absolute majority of these cells are 
canonical olfactory sensory neurons (OSNs), a population of bipolar and ciliated 
neurons. The identity of each OSN is determined by the expression of only one out of 
~1000 OR genes (ZHANG; FIRESTEIN, 2002). During differentiation of each OSN, a 
phenomenon that continues to occur throughout adulthood, one OR gene is chosen 
for expression, and the choice occurs in a monogenic and monoallelic fashion (CHESS 
et al., 1994). The underlying principles of OR gene choice are still not fully elucidated, 
but there is evidence that it involves some form of epigenetic regulation (CLOWNEY 
et al., 2012; LYONS et al., 2013; MAGKLARA et al., 2011).  
The OR gene family is the largest known multigene family in mammalian 
genomes, and it codes for proteins containing seven transmembrane domains, known 
as G-protein coupled receptors (GPCRs) (BUCK; AXEL, 1991; MOMBAERTS, 2004). 
ORs are generally not finely tuned to the ligands which they are able to bind, meaning 
that the same OR may bind different ligands, and different ORs can bind the same 
ligand (MOMBAERTS, 2004). Moreover, OSNs expressing the same OR are 
distributed throughout one broad, but circumscribed, area of the MOE. Therefore, the 
detection of each given odorant involves the participation of several ORs expressed 
by distinct subsets of OSNs, dispersed throughout the MOE, in a combinatorial fashion, 
leading to a combinatorial olfactory code for odors at the sensory interface (MALNIC 
et al., 1999), which is later decorrelated at the olfactory bulb level in the brain. 
Information detected by each OSN travels along a single unbranched axon 
that reaches a single glomerulus in the MOB (KLENOFF; GREER, 1998), where it will 
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make contact with dendrites from second order neurons known as mitral cells. 
Glomeruli are globular neuropil structures of similar size, placed side by side in 
conserved positions along the most cortical portion of the MOB. Importantly, axons 
from OSNs that express the same OR usually coalesce onto two glomeruli (one in the 
medial and one in the lateral portion) in each bulb, which are positioned approximately 
at the same sites on the MOBs of different animals (stereotypy). Another important 
feature of MOB organization is that mitral cells send dendrites to only one glomerulus 
and thus, receive input from only one type of OR. This organization generates a 
discrete and stereotyped map of olfactory information in the MOB (MOMBAERTS et 
al., 1996). 
MOB mitral cells send their axons to several higher brain regions, with major 
outputs to the piriform cortex (Pir) and cortical amygdala (BUONVISO; REVIAL; 
JOURDAN, 1991; HABERLY; PRICE, 1977; SCOTT; MCBRIDE; SCHNEIDER, 1980). 
Surprisingly, the piriform cortex discards the spatial segregation of olfactory 
information observed in the MOB's glomerular map, and the representation of odors in 
that region becomes highly spatially dispersed (RENNAKER et al., 2007; STETTLER; 
AXEL, 2009). For example, projection from individual MOB mitral cells exhibit a diffuse 
pattern in the piriform cortex, and projections from mitral cells connected to distinct 
glomeruli in the MOE mostly project in the same overall diffuse pattern (GHOSH et al., 
2011; MIYAMICHI et al., 2011; SOSULSKI et al., 2011). These patterns of odor 
representation are in agreement with a model according to which the piriform cortex 
deals with learned olfactory behaviors; on the other hand, the organization of olfactory 
information in the piriform is highly unlikely to reflect innate behaviors, which are 
probably represented by hardwired and stereotyped neural circuits in the brain. 
Interestingly, the cortical amygdala, which also receives major inputs from the MOB, 
broadly maintains part of the information segregation observed in the bulb (MIYAMICHI 
et al., 2011; SOSULSKI et al., 2011), suggesting that this region might be important for 
controlling innate behaviors dependent on MOE activation. 
1.2 The accessory olfactory system 
The AOS is composed by the vomeronasal organ (VNO), by the accessory 
olfactory bulb (AOB) and by higher brain regions, mainly in the limbic system. In the 
past decades, there has been a growing interest in understanding different aspects of 
this subsystem and its neural networks due to its major role in controlling instinctive 
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behaviors elicited by odors and pheromones (DULAC; TORELLO, 2003). Pheromones 
belong to a class of chemichal cues known as semiochemichals, which are molecules 
capable of evoking behavioral or physiological responses in individuals of the same or 
different species (SBARBATI; OSCULATI, 2006). Pheromones specifically enable 
signaling between individuals of the same species. Another class of semiochemichals 
are kairomones, which are molecules that are pertinent to the biology of an organism 
(organism 1) that, when it contacts an individual of another species (organism 2), 
evokes in the receiver a behavioral or physiological response that is adaptively 
favorable to organism 2 but not to organism 1 (DICKE; SABELIS, 1988). The present 
work focuses on the higher brain regions connected to AOS and on the representation 
of pheromones and kairomones in the brain. 
 
The vomeronasal organ 
 The VNO is a tubular organ located in the nasal septum and 
encapsulated by the vomer bone. Olfactory stimuli reach this organ by being actively 
pumped into it through a constriction/dilation mechanism of the VNO blood vessels, 
culminating in local pressure changes that induces airborne stimulus entry into the 
VNO (MEREDITH, 1994). The VNO has a crescent-shaped lumen when observed in 
coronal sections and its sensory neuroepithelium faces this lumen (Figure 1). Several 
glands are placed near the VNO to send their secretions into the organ's lumen. These 
secretions are believed to contain odor-carrier molecules, but their role in the olfactory 
detection process has yet to be determined (HALPERN; MARTÍNEZ-MARCOS, 2003; 
MATSUSHITA; MIYAWAKI; MIKOSHIBA, 2000).   
18
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The vomeronasal organ in the nasal cavity. Representative scheme of a coronal 
section through the medial region of the nasal cavity, showing both VNOs in the inferior part 
of the nasal septum. The illustration also highlights the vomer bone that encapsulates the VNO 
and glands associated with the VNO. Figure taken from DØVING and TROTIER, 1998. 
 
The VNO is traditionally related to the detection of semiochemichals, most 
notably pheromones (TIRINDELLI et al., 2009). A remarkable feature of pheromones 
is their ability to elicit instinctive and stereotyped behaviors and physiological changes 
in the detecting individual (TIRINDELLI et al., 2009). Namely, pheromone detection 
has been implicated in: sexual discrimination (KIMCHI; XU; DULAC, 2007; LEYPOLD 
et al., 2002; STOWERS et al., 2002); induction of inter-male aggression and 
territoriality (CHAMERO et al., 2007; KAUR et al., 2014); sexual receptivity in females 
(HAGA et al., 2010); inhibition of sexual behaviors towards juveniles (FERRERO et al., 
2013); synchronization of estrus in females (Whitten effect; WHITTEN 1956); puberty 
acceleration in young females (Vandenbergh effect; VANDENBERGH, WHITSETT, 
and LOMBARDI 1975); and pregnancy interruption in females (Bruce effect; BRUCE, 
1959). More recently, it has also been shown that the VNO is capable of detecting 
kairomones, chemical cues released by one species and detected by a second 
species, bringing an adaptive advantage to the detecting species. Papes et al. (2010) 
showed that the VNO is capable of recognizing proteins in the “major urinary protein” 
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(MUP) family, and that detection of predator MUPs by this organ leads to stereotyped 
defensive behaviors. The ability to induce innate responses even in laboratorial strains 
of mice, isolated for thousands of generations, generated great interest in unraveling 
the molecular and physiological mechanisms that govern VNO functionality, as well as 
the neural circuits associated with this organ. 
The VNO neuroepithelium contains vomeronasal sensory neurons (VSNs), 
supporting cells and basal cells, the latter being the tissue´s stem cells, responsible for 
the continuous regeneration of the epithelium. This neuroepithelium is divided into two 
non-overlapping layers, basal and apical, each with its own molecular features. VSNs 
in each of these zones express specific families of vomeronasal receptors, which, 
unlike ORs, are narrowly tuned and highly sensitive, favoring selective and stereotyped 
sensory-mediated responses related to pheromones and kairomones (HAGA et al., 
2010; LEINDERS-ZUFALL et al., 2000, 2004). 
VSNs in the apical layer express receptors belonging to the vomeronasal 
receptor 1 (V1R) family, the first to be described in this organ (DULAC; AXEL, 1995). 
V1Rs are a family of GPCRs that in mice are encoded by a total of 308 genes, 187 of 
which are apparently functional (SHI; ZHANG, 2007). Neurons that express V1Rs also 
express the Gαi2 subunit of G-protein, which plays an important part in the signal 
transduction performed by these cells after ligand detection (BERGHARD; BUCK, 
1996; HALPERN; SHAPIRO; JIA, 1995). V1R-expressing neurons have been 
implicated in the detection of small volatile compounds that act as pheromones 
(BOSCHAT et al., 2002; LEINDERS-ZUFALL et al., 2000). Furthermore, deletion of a 
genomic region containing a large cluster of V1Rs drastically altered male sexual 
behavior and maternal aggression (DEL PUNTA et al., 2002). It has been proposed 
that V1Rs mainly relay information about the physiological state of an animal (ISOGAI 
et al., 2011). Interestingly, V1R expression has been observed in the MOE, but its 
function in this organ remains unknown (MUNGER et al. 2009).  
VSNs in the basal layer of the VNO express receptors belonging to the 
vomeronasal receptor 2 (V2R) family, the second family to be described in this organ 
(HERRADA; DULAC, 1997; MATSUNAMI; BUCK, 1997; RYBA; TIRINDELLI, 1997). 
In mice, the V2R family is composed of a total of 279 genes, 121 of which are functional 
(SHI; ZHANG, 2007). V2R-expressing neurons also express the Gαo subunit of G-
protein, which is important in signal transduction in these cells (HERRADA; DULAC, 
1997; MATSUNAMI; BUCK, 1997; RYBA; TIRINDELLI, 1997). These receptors have 
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been implicated in the detection of non-volatile molecules, such as peptide ligands of 
the major histocompatibility complex (MHC), exocrine-secreted peptide 1 (ESP1) and 
small proteins from the major urinary protein (MUP) family (CHAMERO et al., 2007; 
KIMOTO et al., 2005; LEINDERS-ZUFALL et al., 2004; PAPES; LOGAN; STOWERS, 
2010). Furthermore, the detection of these stimuli is known to elicit different behavioral 
outputs, such as aggressive or defensive behaviors (when conspecific or predator 
MUPs, respectively, are detected) or increased female sexual receptivity mediated by 
ESP1 peptide (CHAMERO et al., 2007; HAGA et al., 2010; PAPES; LOGAN; 
STOWERS, 2010). It is believed that V2Rs relay information about the identity of an 
animal (ISOGAI et al., 2011).  
 It has been shown that a subset of V2R-expressing neurons may co-
express more than one receptor, the general rule being that each VSN in this 
subpopulation expresses a member of the subfamily C of V2Rs along with one type of 
receptor in subfamilies A, B or D of V2Rs (MARTINI et al., 2001; SILVOTTI et al., 
2007). This co-expression scheme seems to happen in a sequential and dependent 
manner, where the subfamily C receptor is expressed after the choice of subfamily A, 
B or D receptor (ISHII; MOMBAERTS, 2011). It remains to be determined if clade C 
receptors participate in odor detection, or if this task is mostly performed by receptors 
in subfamilies A, B and D. Another interesting feature of V2R-expressing neurons is 
that a fraction of them, located in the more basal aspect of the VNO, expresses 
molecules of the non-canonical class I family of MHCs known as H2-Mv, or M10 (ISHII 
et al., 2003; LOCONTO et al., 2003). The exact function of these receptors remains 
unknown, but it has been speculated that they may play a role in the correct expression 
of V2Rs at the VSN's dendritic surface (LOCONTO et al., 2003).  
 
The accessory olfactory bulb 
The information detected by the VSNs is sent to the primary processing 
station in the brain, the accessory olfactory bulb. The AOB is located in the dorsal-
posterior portion of the olfactory bulb, and input from the VNO is segregated into the 
anterior and posterior regions of this nucleus, reflecting the clear apical/basal division 
at the sensory interface, that is, VSNs in the apical zone project to glomeruli in the 
anterior AOB, while VSNs in the basal zone project to glomeruli in the posterior AOB 
(Figure 2A; see also JIA; HALPERN, 1996). VSNs expressing the same VR coalesce 
onto up to 30 glomeruli, and each glomerulus receives input from neurons that express 
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the same VR (Figure 2B). Unlike the MOB, AOB glomeruli vary in size and their position 
is not conserved, even within the 2 bulbs of the same individual (RODRIGUEZ et al., 
1999). This makes the spatial representation of VRs in the AOB highly complex and 
prone to individual variability. At a first glance, this dispersed and variable 
representation of pheromone and kairomone information seems counter-intuitive in 
view of the fact that VNO signals mediate innate and stereotyped behaviors (DULAC; 
WAGNER, 2006). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Organization of the accessory olfactory bulb (AOB). schematic representation 
of different features of the AOB. (A) V1R expressing neurons in the apical layer of the VNO 
send projections to the anterior portion of the AOB, while V2R expressing neurons in the basal 
layer of the VNO project to the posterior region of the AOB. The posterior region of the AOB 
has a further subdivision where V2R expressing neurons that co-express the non-canonical 
MHC molecules H2-Mv send axons to glomeruli in the most posterior division of the AOB. (B) 
VSNs expressing the same VR (same color) coalesce onto up to 30 glomeruli in the AOB. 
Each glomerulus receives input only from VSNs that express the same receptor. (C) Mitral 
cells in the AOB usually send their dendrites to glomeruli in the same half (anterior or posterior) 
of the AOB, though a few cells close to the boundary between these halves send dendrites to 
the other side. Furthermore, mitral cells may send dendrites to distinct glomeruli with the same 
VR identity (homotypic interactions) or with different VR identities (heterotypic interactions). 
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Figure adapted from BRIGNALL; CLOUTIER, 2015 
Another factor adding to the complexity of the AOB is the pattern of mitral 
cell dendritic projections to the glomeruli. Most mitral cells populating the anterior or 
posterior parts of the external plexiform layer send their apical dendrites to glomeruli 
in the same half of the AOB (LARRIVA-SAHD, 2008; YONEKURA; YOKOI, 2008), 
which would be consistent with the maintenance of the V1R/V2R input spatial 
segregation in the bulb. There is, however, a subset of cells located around the 
anterior-posterior border of the AOB that project their apical dendrites to the opposing 
side (Figure 2C; see also YONEKURA; YOKOI, 2008). Furthermore, mitral cells in the 
AOB project apical dendrites to multiple glomeruli (TAKAMI; GRAZIADEI, 1991), and 
while some of them project solely to glomeruli innervated by VSNs expressing the 
same VR (homotypic connections), a subset sends projections to glomeruli with distinct 
VR identities (DEL PUNTA et al., 2002) (heterotypic connections) (Figure 2C). Lastly, 
it has been shown that mitral cells tend to be mostly activated by a narrow range of 
stimulus types, but there are some that can be activated by multiple stimuli (MEEKS et 
al. 2010). 
Mitral cells from the AOB project their axons to different regions of the limbic 
system, mainly to the medial amygdala (MeA), bypassing any cortical regions (DE 
OLMOS; HARDY; HEIMER, 1978; SCALIA; WINANS, 1975; WINANS; SCALIA, 1970). 
From the MeA, the information follows to different brain regions related to instinctive 
and stereotyped responses, such as aggressive, defensive and sexual behaviors 
(CANTERAS et al. 1995). Taken together, these organizational patterns indicate that 
the AOB is a region where there is early integration of the sensory information detected 
by the VNO, which, in turn, sends the integrated information straight into limbic regions. 
This pattern means that there are fewer relay stations in the AOS than in the MOS, a 
characteristic that is in accordance with a system hardwired to produce mainly 
instinctive, pre-programmed behaviors. 
 
The medial amygdala, the ventromedial hypothalamus and instinctive behaviors 
As mentioned above, information that reaches the AOB is relayed to the 
MeA, which in turn sends information directly or indirectly to different hypothalamic 
nuclei (CANTERAS; SIMERLY; SWANSON, 1995; DONG; PETROVICH; SWANSON, 
2001; DONG; SWANSON, 2004). The MeA is subdivided into different nuclei, the 
anterior portion (MeAa), the posteroventral portion (MeApv) and the posterodorsal 
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portion (MeApd) (PAXINOS, G AND FRANKLIN, 2001), with each projecting to specific 
downstream brain areas (CANTERAS et al., 1995; PETROVICH et al., 2001).  
The MeApd has been implicated in a circuit that controls mainly social 
behaviors (sex and intermale aggression) in murine models, and studies have shown 
that reproductive stimuli are indeed capable of activating neurons in this zone 
(BRESSLER; BAUM, 1996; CHOI et al., 2005; FERNANDEZ-FEWELL; MEREDITH, 
1994; HEEB; YAHR, 1996; KOLLACK-WALKER; NEWMAN, 1997). It has also been 
shown that this ´reproductive´ pathway in the MeA is marked by the expression of a 
LIM homeodomain transcription factor, Lhx6 (CHOI et al., 2005). Projections from the 
MeApd innervate the medial preoptic area (MPOA), the ventrolateral portion of the 
ventromedial hypothalamus (VMHvl) and the ventral pre-mammilary nucleus 
(CANTERAS; SIMERLY; SWANSON, 1995). 
On the other hand, the MeApv has been implicated in a circuit controlling 
defense against predators, and predator odors have been shown to induce neuronal 
activation in this area (CARVALHO et al., 2015a; DIELENBERG; HUNT; MCGREGOR, 
2001; MCGREGOR et al., 2004). The MeApv further projects to the anterior 
hypothalamic nucleus and to the dorsomedial portion of the ventromedial 
hypothalamus (VMHdm), both related to defensive responses (SWANSON, 2000; 
CANTERAS, 2002).  
One of the main targets of the MeA is the ventromedial hypothalamus 
(VMH) (CANTERAS et al., 1995). This hypothalamic nucleus has been traditionally 
subdivided into three regions, namely the dorsomedial portion (VMHdm), the central 
portion (VMHc) and the ventrolateral portion (VMHvl). These regions are known to 
express specific markers, such as the estrogen receptor 1 (Esr1) in the VMHvl and the 
steroidogenig factor 1 (SF1) in the VMHdm/c (MCLELLAN et al., 2006), and it is 
believed that this anatomical separation is accompanied by distinct input from the 
amygdala, generating a circuit segregation formed by the VMHdm, which would 
participate in the ´predator defensive circuit´, and the VMHvl, which would compose a 
´social circuit´ (CHOI et al. 2005; GROSS; CANTERAS, 2012). Indeed, it has been 
shown that predator odors induce neuronal activity in the VMHdm, while conspecific 
odors induce activity in the VMHvl (DIELENBERG; HUNT; MCGREGOR, 2001; SILVA 
et al., 2013). Furthermore, the VMHdm connects (directly or indirectly) to downstream 
nuclei involved in defensive responses, such as the anterior hypothalamic nucleus 
(AHN) and the dorsolateral periaqueductal gray (dlPAG), while the VMHvl connects 
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(directly or indirectly) to downstream nuclei involved in mating and defense against 
conspecifics, such as the medial preoptic nucleus (MPN), the dorsomedial 
premammilary nucleus (dmPMD) and the dorsomedial PAG (dmPAG) (these circuits 
have been reviewed in GROSS; CANTERAS, 2012 and SOKOLOWSKI; CORBIN, 
2012).  
With the advent of novel technologies that allow for the functional 
manipulation of neurons, such as chemogenetics and optogenetics, causal 
relationships between neuronal activation and the triggering of instinctive behaviors 
can now be precisely determined. It has been shown that optogenetic photostimulation 
of neurons in the VMHvl (more specifically, of the Esr1+ population located therein) is 
capable of inducing both reproductive and aggressive behaviors in mice (LEE et al., 
2014; LIN et al., 2011). It has also been shown that photostimulation of the SF1+ 
population of neurons in the VMHdm elicits defensive responses (KUNWAR et al., 
2015; WANG; CHEN; LIN, 2015), and these responses are context-dependent 
(WANG; CHEN; LIN, 2015). Conversely, pharmacogenetic silencing of SF1+ neurons 
in the VMHdm causes a significant reduction in the defensive responses towards 
predator odors, but not to other threats, such as an aggressive conspecific or a foot 
shock (SILVA et al., 2013). 
Taken together, these data have been used by others to create a model 
preconizing clear separations between a ´predator defense´ involving the VNO, the 
AOB, the MeApv, the VMHdm and other downstream regions; and a ´ sexual/inter-male 
aggression´ circuit involving the VNO, the AOB, the MeApd, the VMHvl and other 
downstream regions (Figure 3) (CHOI et al., 2005; LIN et al., 2011; SILVA et al., 2013; 
SWANSON, 2000). More recent studies, however, seem to indicate that this clear 
division may not be so accurate, with the observation that a predator odor can activate 
cells in the MeApd, while social stimuli can produce activity in the MeApv (BERGAN; 
BEN-SHAUL; DULAC, 2014; FERRERO et al., 2013). Furthermore, the initial studies 
that mapped activity in the brain upon detection of predator odors used a very limited 
set of cues, and no systematic comparison between different odor sources was made. 
In the present work, we sought to determine how a wide range of predator odors are 
represented in different brain regions, and if they form any sort of map of olfactory 
information in these regions. 
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Figure 3: Schematic representation of the current 
proposed model of organization for the circuits that 
begin at the VNO. The current proposed model of VNO 
circuitry organization postulates the existence of two 
parallel pathways that relay information culminating in 
predator fear defensive response or social (reproductive 
or inter-male aggression) behavior. The social circuit 
encompasses the MeApd, the VMHvl and other regions 
that receive input directly from the amygdala or from the 
VMH. The predator defense circuit encompasses the 
MeApv, the VMHdm and other downstream regions. 
Interestingly, there are projections from the MeApv into 
the ´social´ zones of the hypothalamus but their exact 
role remains unclear. Figure taken from CHOI et al., 
2005. 
 
 
 
 
 
 
 
 
 
1.3 Neural maps 
 A fundamental principle in the organization of the nervous system is the 
formation of coherent patterns of neural activity to represent sensory information in the 
brain (LUO; FLANAGAN, 2007). The formation of neural maps is a common feature 
for sensory and motor systems. One of the most outstanding examples of this is the 
formation of a retinotopic map in the visual cortex, where adjacent points in the visual 
field are detected by neighboring neurons in the retina and this information is then 
relayed to higher brain regions in the same spatially segregated fashion (WANDELL; 
DUMOULIN; BREWER, 2007).  
In the olfactory system, it is more difficult to imagine what type of information 
could be relayed to the brain in a systematic and orderly pattern. Chemical cues vary 
greatly amongst themselves, each with its own specific characteristics, such as size, 
molecular weight, tridimensional structure, charge distribution, chemical group 
distribution, atomic composition, valence, among others, making it a virtually daunting 
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task for the brain to systematically map each individual molecular characteristic of the 
range of odors perceived by the animal (CLELAND, 2011). Indeed, it has been shown 
that, even though the MOB houses a map representing activated ORs (MOMBAERTS 
et al., 1996), this spatial segregation is lost in the piriform cortex (GHOSH et al., 2011; 
MIYAMICHI et al., 2011; SOSULSKI et al., 2011; STETTLER; AXEL, 2009). On the 
other hand, in another chemosensory system, the gustatory system, taste qualities 
(bitter, sweet, salty and umami) have been shown to be represented by activation of 
specific cohorts of neurons in close but separate sub-regions of the insular cortex, 
forming a clear gustotopic map of taste information (CHEN et al., 2011). Indeed, 
contrary to the olfactory system, where the range of possibilities for chemically distinct 
odors seems limitless, the five taste qualities compose a relatively simple perceptual 
field, and can in fact be systematically represented in the brain (CHEN et al., 2011). 
Despite its importance in the control of instinctive behaviors, few efforts 
have been undertaken to understand how chemical cues detected by the VNO are 
represented in the brain. The current model of organization divides circuits based on 
behavioral outputs (reproductive/social versus predator defense), but these models 
were created based on a few selected stimuli and lack more systematic comparisons 
between different odors. In the present work, we sought to understand how odors 
from different sources, detected by the VNO, are represented in the brain. We 
focused our analyses on the MeA and VMH, areas known to receive inputs from 
the VNO/AOB circuit. We show that stimuli detected by the VNO activate 
dispersed ensembles of neurons in the MeA, and these ensembles do not appear 
to show any type of spatial segregation. In contrast, we show that each odor 
tested activates a spatially circumscribed group of neurons in the VMH, and that 
distinct odors activate spatially segregated subsets of cells in this nucleus. 
Moreover, some predator odors were shown to activate cells mainly in the VMHc, 
a previously not well characterized region. We also noted that predator odors 
activate mainly SF1+ neurons, in accordance with the observation that these 
cells can elicit defensive behaviors (Kunwar et al. 2015; Wang et al. 2015). These 
findings will help to unravel the neural basis for instinctive behaviors. 
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2. Objectives 
 
The main objective of the present work was to determine if neural maps 
were formed to represent information detected by the VNO, and, if so, to characterize 
these maps and to determine the principles governing their formation. To this end, we 
pursued specific goals to help elucidate these questions: 
a) Determine brain regions that are functionally connected with the VNO; 
b) Determine how a wide range of VNO-detected stimuli activates these 
regions; 
c) Systematically compare how different stimuli are represented in each 
region (this allowed us to find a neural map in the VMH); 
d) With the finding of a neural map in the VMH, we began exploring the 
principles underlying the neural representation of VNO-detected stimuli in this nucleus. 
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3. Chapter 1 
3.2.1 Lack of spatial segregation in the representation of pheromones and 
kairomones in the mouse medial amygdala 
Chapter presentation: in this chapter, the paper “Lack of spatial segregation in the 
representation of pheromones and kairomones in the mouse medial amygdala”, 
published in the journal Frontiers in Neuroscience in 2015, will be presented integrally. 
This paper brings the results of our first steps in determining how VNO detected stimuli, 
capable of eliciting instinctive behaviors, are represented in higher brain regions. 
Through a combination of genetic and histological strategies, we were able to show 
that representation of pheromones and kairomones in the medial amygdala does not 
appear to show any spatial segregation; interestingly, we also show that conspecific 
stimuli are able to induce activity in the MeApv, while predator stimuli induced neural 
activity in the MeApd. These results contrasts with the current proposed model of MeA 
organization, which divides this nucleus in two clearly defined regions that would 
participate in separate ´ social´ (MeApd) and ´ predator defense´ (MeApv) circuits (CHOI 
et al., 2005; LIN et al., 2011; SILVA et al., 2013; SWANSON, 2000). These 
observations, along with observations from other groups (BERGAN; BEN-SHAUL; 
DULAC, 2014; FERRERO et al., 2013), indicate that MeA organization may be more 
complex than previously thought and call for a review of the current model. These 
results will be paramount in our future understanding of how pheromones and 
kairomones are represented in the brain to produce instinctive behaviors. 
 
  
29
ORIGINAL RESEARCH
published: 11 August 2015
doi: 10.3389/fnins.2015.00283
Frontiers in Neuroscience | www.frontiersin.org 1 August 2015 | Volume 9 | Article 283
Edited by:
Markus Fendt,
Otto-von-Guericke University
Magdeburg, Germany
Reviewed by:
Qi Yuan,
Memorial University, Canada
Mario Engelmann,
Otto-von-Guericke-Universität
Magdeburg, Germany
*Correspondence:
Fabio Papes,
Department of Genetics and
Evolution, Institute of Biology,
University of Campinas,
Rua Monteiro Lobato, 255, Campinas,
13083-862 Sao Paulo, Brazil
papesf@unicamp.br
†
Present Address:
Leonardo M. Cardozo,
Neurosciences Graduate Program,
University of California, San Diego,
9500 Gilman Drive 0634, La Jolla,
CA 92093-0634, USA
‡
These authors have contributed
equally to this work.
Specialty section:
This article was submitted to
Systems Biology,
a section of the journal
Frontiers in Neuroscience
Received: 26 June 2015
Accepted: 28 July 2015
Published: 11 August 2015
Citation:
Carvalho VMA, Nakahara TS, Cardozo
LM, Souza MAA, Camargo AP,
Trintinalia GZ, Ferraz E and Papes F
(2015) Lack of spatial segregation in
the representation of pheromones and
kairomones in the mouse medial
amygdala. Front. Neurosci. 9:283.
doi: 10.3389/fnins.2015.00283
Lack of spatial segregation in the
representation of pheromones and
kairomones in the mouse medial
amygdala
Vinicius M. A. Carvalho 1, 2‡, Thiago S. Nakahara 1, 2‡, Leonardo M. Cardozo 1, 2 †,
Mateus A. A. Souza 1, 2, Antonio P. Camargo 1, 3, Guilherme Z. Trintinalia 1, 2, Eliana Ferraz 4
and Fabio Papes 1*
1Department of Genetics and Evolution, Institute of Biology, University of Campinas, Campinas, Brazil, 2Graduate Program in
Genetics and Molecular Biology, Institute of Biology, University of Campinas, Campinas, Brazil, 3Undergraduate Program in
the Biological Sciences, Institute of Biology, University of Campinas, Campinas, Brazil, 4Campinas Municipal Zoo, Campinas,
Brazil
The nervous system is organized to detect, internally represent and process sensory
information to generate appropriate behaviors. Despite the crucial importance of odors
that elicit instinctive behaviors, such as pheromones and kairomones, their neural
representation remains little characterized in the mammalian brain. Here we used
expression of the immediate early gene product c-Fos as a marker of neuronal activity
to find that a wide range of pheromones and kairomones produces activation in the
medial nucleus of the amygdala, a brain area anatomically connected with the olfactory
sensory organs. We see that activity in this nucleus depends on vomeronasal organ input,
and that distinct vomeronasal stimuli activate a dispersed ensemble of cells, without any
apparent spatial segregation. This activity pattern does not reflect the chemical category
of the stimuli, their valence or the induced behaviors. These findings will help build a
complete understanding of how odor information is processed in the brain to generate
instinctive behaviors.
Keywords: olfaction, vomeronasal organ, amygdala, higher-order representation, pheromone, kairomone
Introduction
In mammals, sensory information is detected by specialized sensory cells at the periphery and is
then sent to the brain, where it must be systematically represented by coherent patterns of neural
activity (Luo and Flanagan, 2007). Though still poorly understood, it is assumed that these patterns
of activity are interpreted, resulting in output behaviors or endocrine changes.
In the visual and somatosensory systems, the discrimination of stimuli located in different
positions in the sensed environment is achieved by their representation in topographic (or
continuous) maps in the brain. For example, neighboring activated retina cells, representing
adjacent sources of light in the visual field, send projections to neighboring neurons in the thalamus
and visual cortices, such that the ordering of sensory stimuli in the external world is represented
by ordered maps of neural activity in the brain (Luo and Flanagan, 2007). In contrast, gustatory
information is represented in a non-continuous, or discrete, fashion, where different taste qualities,
such as sweet, bitter, umami, and salty, resulting from the detection of the corresponding tastants
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in the upper digestive system, are each represented by cohorts of
activated neurons in discrete sub-areas of the primary taste cortex
in the brain (Chen et al., 2011).
Less is known about how olfactory information is internally
represented in the brain. The olfactory system is specialized in the
sensory detection of a variety of chemical stimuli, which indicate
the presence and quality of food, potential mates, competitors,
and dangers in the environment (reviewed in Munger et al.,
2009). Though the central representation of regular volatile
odorant stimuli in the brain has been recently investigated
(Stettler and Axel, 2009; Sosulski et al., 2011), very little is
known about how odors able to elicit instinctive responses,
such as pheromones and kairomones, are internally represented
by coherent activity in olfactory brain areas. Pheromones
(released by an individual and detected by the same species)
and kairomones (released by an individual and detected by
another species) are chemosignals that mediate a range of
instinctive behavioral responses, including aggression (Chamero
et al., 2007), mating, gender discrimination (Stowers et al., 2002;
Kimchi et al., 2007), and fear (Papes et al., 2010). Since these cues
crucially regulate the interactions between individuals, the study
of their neural representation is central to understanding how
the brain controls animal behavior, indirectly impacting life cycle,
natural history, and evolution.
The vomeronasal organ (VNO), an olfactory structure in
the nasal cavity, has been implicated in the detection of some
pheromones and kairomones (Munger et al., 2009). Substances
detected by VNO sensory neurons include urine-derived small
organic molecules (Sam et al., 2001; Trinh and Storm, 2003),
sulfated steroids (Nodari et al., 2008; Isogai et al., 2011), MHC
peptides (Leinders-Zufall et al., 2004), peptides in the ESP family
(Haga et al., 2010; Ferrero et al., 2013) and conspecific and
heterospecific small proteins in the Major Urinary Protein family
(Mup) (Chamero et al., 2007; Papes et al., 2010; Kaur et al.,
2014; Dey et al., 2015), which mediate the instinctive behaviors
mentioned above.
Vomeronasal sensory neurons connect directly with the
accessory olfactory bulb (AOB) in the brain via the vomeronasal
nerve (Wagner et al., 2006). In turn, the AOB is anatomically
connected to several brain areas, including nuclei in the
amygdala, such as the posteromedial cortical nucleus of the
amygdala (PMCO) and the medial nucleus of the amygdala
(MeA) (Canteras et al., 1995; Petrovich et al., 2001).
Pheromones and kairomones lead to behaviors instinctively,
and are thus believed to be processed by hard-wired brain
circuits. Moreover, the behaviors mediated by the VNO are
stereotypical (conserved between individuals), and therefore
we assumed that pheromone/kairomone information is
represented by coherent activity along those circuits. However,
the organizing principles behind such brain activity remain
poorly characterized. Prior studies have shown that activity
in the AOB reflects sensory input from the VNO (Wagner
et al., 2006). In contrast, it is thought that other regions are
organized to reflect behavioral output. For example, cat-
odorized pieces of collar, which induce defensive behaviors
in mice, lead to prominent neural activity in the ventral part
of the MeA (Dielenberg et al., 2001; Choi et al., 2005), while
female mouse odors, which trigger reproductive responses,
activate the dorsal MeA (Fernandez-Fewell and Meredith,
1994; Kollack-Walker and Newman, 1997; Choi et al., 2005).
These findings led to the idea that the MeA is divided into
dorsal and ventral sub-areas, activated by predatory and social
stimuli, respectively, composing distinct pathways involved in
defensive or reproductive behaviors (Swanson, 2000; Canteras,
2002; Choi et al., 2005; Lin et al., 2011; Silva et al., 2013).
However, these notions arose from the use of a very limited
set of olfactory stimuli and no systematic comparison has been
made among a range of stimuli eliciting various behavioral
outputs, to understand how and where sensory information
represented along the circuit initiated at the VNO transitions to
the generation of behavior by downstream brain areas.
Here we investigated and compared how different olfactory
stimuli, each able to induce instinctive behaviors following
detection mediated by the VNO, generate activity in the
amygdala. Because the MeA is one of the first higher-order brain
regions to receive information collected by the VNO, we decided
to study the patterns of activity in this nucleus, in groups of
animals exposed to distinct types of olfactory cues. In order
to create a detailed view of how MeA activity is organized, we
chose a comprehensive approach, where activity was evaluated in
mice exposed to a wide range of pheromones and kairomones.
First, we analyzed activity in the AOB, as a confirmation that
the VNO has been activated by each employed stimulus. We
then showed that a large set of intra- and interspecies signals
leads to activation in the MeA, in a VNO-dependent manner.
We also obtained evidence that neural activity in this nucleus is
not organized to reflect the valence or behavioral consequences of
each detected stimulus, as previously thought. Instead, we found
a lack of any discernible spatial map in the MeA, where each
stimulus activates dispersed ensembles of neurons and distinct
stimuli activate intermingled sets of cells. Therefore, it is unlikely
that the amygdala contains a spatial map to represent different
pheromones and kairomones. This knowledge will be key to
comprehending how the brain’s limbic system represents external
olfactory information important for the survival of the individual
and the species.
Materials and Methods
Animals
Animals were 8 weeks old male mice (females, where indicated).
In some experiments, MeA activity was evaluated in animals
where VNO neurons were genetically ablated by a null mutation
in the gene TrpC2, coding for the primary vomeronasal
sensory transduction channel (Stowers et al., 2002). TrpC2+/+
and TrpC2−/− littermates were obtained from heterozygous
mating couples, which were produced by backcrossing the
TrpC2−/− knockout line (Stowers et al., 2002) into the C57BL/6J
background for at least 10 generations (Papes et al., 2010).
Animals had no previous exposure to odors from other animal
species, and subjects exposed to conspecific chemosignals were
kept individually caged for at least 4 days. All subjects were
exposed to odor, monitored for behavior, and subsequently
processed for immunostaining or in situ hybridization, ensuring
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that the cellular responses and behaviors were analyzed from
the same individuals and no animals were re-used. This study
was carried out in accordance with Animal Protocol no.
1883-1, approved on June 2009 by the Institute of Biology’s
Institutional Animal Care and Use Committee (Committee
for Ethics in Animal Use in Research), at the University of
Campinas. This protocol follows the guidelines established
by the National Council for Animal Experimentation Control
(CONCEA-Brazil).
Stimuli
Mouse subjects were separately exposed to a wide range of
intra- and interspecies odor stimuli, known to induce biologically
relevant instinctive behaviors, such as odors from adult female
and male mice, juveniles, odors from other mouse strains
(BALB/c and 128S/J), and numerous species that are natural
or occasional mouse predators (rat, domestic cat, leopard cat,
Cougar mountain lion, African lion, several snake species, great
horned owl, caracara hawk, and tarantula spider). In principle,
olfactory stimuli should ideally be presented in the same form
and amount, such as equal volumes of scented bedding. However,
because home cage bedding may contain noxious compounds
from feces or urine, we decided to use gauze scented with bodily
secretions (urine, skin secretions) or bodily shedding (feathers,
fur, skin) whenever possible. Table S1 presents a complete list of
stimuli and collection methods. Cat-scented gauze was obtained
by rubbing a medical gauze against the fur of a domestic cat,
particularly around the neck region (Papes et al., 2010). Fifty
milliliters of scented bedding (fine wood chips) were used as
odors from leopard cat, mountain lion, African lion, tarantula
spider, rat, and male and female mice. Alternatively, rat urine
was used in some experiments by placing 1ml of urine on
pieces of medical gauze. For all stimuli deposited on gauzes, the
gauze was unscented in a desiccator under vacuum overnight
before adding the stimulus. For each snake species, we used
1 g of stimulus (around four 5 × 5 cm pieces of shed skin).
Avian predator stimuli (hawk and owl) were 1 g of feathers,
cut into small pieces. All stimuli (solid or liquid deposited on
gauze) were attached to “binder clips” to visually confirm their
position and prevent the spreading of stimuli in the cage. Control
mice were exposed to unscented control odors, as indicated in
Table S2. Some of the aforementioned odors were presented in
different forms and most are composed of complex mixtures
of largely uncharacterized ligands, some of which may also
activate other sensory systems. Thus, additional experiments
were performed to determine with certainty that activity in
the MeA was due to pheromones and kairomones, using Mup
proteins as pure ligands. These Mups are contained within the
corresponding complex mixtures and could be presented in
comparable amounts. For Mup experiments (Figure 3), gauze
was scented with 10mg of recombinant protein as fusion with
Maltose-Binding Protein (MBP), and gauze scented with MBP
alone was used as control.
Behavioral Assays
For defensive avoidance behavior, individually caged mice were
habituated for 2 days in the dark in the procedure room and
assayed on day 3. The amounts used for each stimulus are
indicated in Table S1. In all cases, the animal was placed in
the procedure room on day 3 and the stimulus was deposited
on the side opposite to the air inlet. Mice were exposed and
filmed for 30min in the dark. Movies were scored blindly for
avoidance time, following previously published protocol (Papes
et al., 2010). Avoidance behavior was defined as the amount of
time animals spent more than 20 cm away from the stimulus. To
compare avoidance times where needed, ANOVA was applied,
followed by Tukey-Kramer Honest Significantly Different (HSD)
post-hoc analysis. Other types of defensive behaviors were also
assayed (not shown), including freezing and risk assessment
(Papes et al., 2010); in the latter, the animal approaches the
stimulus with an extended body posture and arched back, a
behavior seen for all predatory stimuli; during these episodes,
the animals closely approached the stimulus in the first 5min
of stimulation; close contact was eventually seen after 25min
from the onset of stimulation, at which time the defensive
behaviors became of progressively lower magnitude; eventual
licking and biting the gauze was observed at the end of the
exposure sessions, but preliminary experiments determined that
physical contact with the stimulus is not necessary to trigger the
aversive behaviors or brain activity, suggesting that the stimuli
employed (even non-volatile Mup proteins) accessed the VNO
lumen as airborne aerosol particles. For aggressive behavior
assays, C57BL/6J male mice (8–12 weeks old) were isolated for
1 week and then exposed to castrated adult mice swabbed with
40µl of test solution (male mouse urine or equivalent amounts
of rat or rabbit urine) for 10min in their home cages. Tests were
videotaped and analyzed to measure total duration of aggressive
contact (biting, wrestling, and kicking). One round of urine and
no-urine controls were performed with each resident mouse
before and after sample testing. For reproductive behavior assay,
the resident was a male mouse, prepared the same way as in
the aggressive behavior assays. Subjects were exposed to 8 weeks
old sexually naive, receptive females. Each assay ran for 15min
and the filmed behaviors were scored for mounting time (not
shown).
Recombinant Mup Protein Expression
The cDNA for rat major urinary protein, Mup13 (Logan
et al., 2008), was amplified by PCR from a Sprague-Dawley
liver sample using oligonucleotides 5′ ATCGGATCCCATGC
AGAAGAAGCTAGTTCCACAAGAG 3′ and 5′ ATCAAGC
TTTCATCCTCGGGCCTGGAGACAG 3′. The amplicon was
cloned into pMAL-c2x bacterial expression vector (New England
Biolabs) into BamHI and EcoRI restriction sites, and expressed
as a fusion protein with MBP, following the manufacturer’s
recommendations. Protein was eluted from an amylose affinity
resin using maltose and then exchanged into 1x PBS using a
YM10 column (Millipore) prior to exposures. Recombinant MBP
was used as a control. The same procedure was applied for
production of the mouse Mups (nomenclature following Logan
et al., 2008), and for the production of recombinant cat Mup,
except that the corresponding cDNA was synthesized in vitro
based on the published sequence of Fel-d-4 (cat Mup; GenBank
accession number NM_001009233) (Smith et al., 2004).
Frontiers in Neuroscience | www.frontiersin.org 3 August 2015 | Volume 9 | Article 283
32
Carvalho et al. Odor representation in medial amygdala
c-Fos Immunostaining
For brain activity analyses, the expression of the surrogatemarker
of neuronal activity c-Fos was assayed by immunostaining.
Inspection of neural activity by electrophysiological methods is
very difficult for the MeA, due to its small size and deep location,
but direct recording of activity was shown to be highly correlated
with expression of the immediate early gene c-Fos in previous
reports (Lin et al., 2011).
Each animal was individually caged and habituated to the
procedure room where the exposures were conducted for 2 h
on 2 consecutive days, in the dark. On the third day, each
cage was brought to the procedure room and the stimulus was
introduced in the animal’s home cage on the side opposite to the
air inlet. Each animal was exposed for 30min, and the stimulus
was removed from the cage at the end of the session, after which
the subject remained in the dark without further stimulation
for an additional period of 60min; the animal was then quickly
euthanized and dissected to remove the brain. Brains were
fixed overnight in 4% paraformaldehyde, equilibrated in 20%
sucrose/1x PBS and sectioned on a Leica 1000S vibrating-blade
microtome. Fifty micrometer coronal sections were collected
for the entire brain, and suitable sections were chosen for
subsequent c-Fos immunostaining based on comparisons to a
reference brain atlas (Paxinos and Franklin, 2004). Sections were
blocked as free-floating sections for 1 h with 1% blocking reagent
(Invitrogen), pre-incubated in 1% BSA/1x PBS/0.3% Triton X-
100, followed by incubation with the anti-c-Fos primary antibody
(rabbit polyclonal; Ab5; Millipore) diluted 1:1500 in 1% BSA/1x
PBS/0.3% Triton X-100 for 36 h at 4◦C under gentle agitation.
Sections were washed three times in 1xPBS/0.1% Triton X-
100, 15min each, and incubated for 3 h at room temperature
with Alexa 488-conjugated goat anti-rabbit secondary antibody
(Invitrogen) diluted 1:500 in 1% BSA/1x PBS/0.3% Triton X-
100. After two washes in 1x PBS/0.1% Triton X-100, 15min
each, sections were counterstained with To-Pro-3 nuclear stain
(Invitrogen) diluted 1:1000 in 1x PBS, washed twice in 1x PBS,
15min each, and mounted onto glass microscope slides with
ProLong Gold (Invitrogen). Dry mounted sections were imaged
on a Leica TCS SP5 confocal fluorescence microscope. The
number of c-Fos positive nuclei was counted blindly for each
individual. After image acquisition, the nuclear stain channel was
computationally false-colored as purple, to facilitate contrast with
the green fluorescence channel (c-Fos).
RNA In situ Hybridization
For VNO activity analyses, expression of the surrogate marker of
vomeronasal neuron activity Egr1 (Isogai et al., 2011) was used.
Animals were exposed to stimulus for 45min, sacrificed and the
VNOs immediately collected, immersed in 4% paraformaldehyde
fixative overnight, equilibrated in sucrose and sectioned on
a cryostat (Leica) to produce 16µm transversal sections.
Slides were air-dried for 10min, followed by fixation with 4%
paraformaldehyde for 20min, and treatment with 0.1M HCl for
10min, with 0.1% H2O2 for 30min and with 250mL of 0.1M
triethanolamine (pH 8.0) containing 1mL of acetic anhydride for
10min, with gentle stirring. Slides were always washed twice in
1x PBS between incubations. Hybridization was then performed
with DNP (1µg/mL) or DIG (600 ng/mL) labeled cRNA probes
(Isogai et al., 2011) at 58◦C in hybridization solution (50%
formamide, 10% dextran sulfate, 600mM NaCl, 200µg/ml
yeast tRNA, 0.25% SDS, 10mM Tris-HCl pH8.0, 1x Denhardt’s
solution, 1mM EDTA pH 8.0) for 16 h. Slides were washed once
in 2x SSC, once in 0.2x SSC and once in 0.1x SSC at 60◦C (30,
20, and 20min, respectively), followed by a quick incubation in
0.1x SSC at room temperature. Slides were then permeabilized
in 1x PBS, 0.1% Tween-20 for 10min, and washed twice in TN
buffer (100mM Tris-HCl pH 7.5, 150mM NaCl) for 5min at
room temperature, followed by blocking in TNB buffer [100mM
Tris-HCl pH 7.5, 150mM NaCl, 0.05% blocking reagent (Perkin
Elmer)], and incubation with rabbit anti-DNP (Invitrogen)
primary antibody diluted 1:600 in TNB buffer overnight at
4◦C. Signal development proceeded with the tyramide signal
amplification kit (Perkin Elmer), following the manufacturer’s
instructions. Briefly, slides were incubated in tyramide-biotin
[1:50 in amplification diluent with 0.0015% H2O2 (Perkin
Elmer)] for 15min, followed by incubation in streptavidin-HRP
(1:100 in TNB) for 1 h, followed by incubation in tyramide-Alexa
Fluor 546 [1:100 in amplification diluent (Life Technologies) with
0.0015% H2O2] for 15min. Prior to each incubation, slides were
washed 6 times with TNT buffer for 5min under mild agitation.
Sections were then treated with 3% H2O2 in 1x PBS for 1 h
to block peroxidases from the first signal development. Slides
were then blocked in TNB for 90min, followed by incubation
overnight at 4◦C with anti-DIG-POD (Roche) diluted in TNB
(1:400). Signal development was performed using tyramide-
Alexa Fluor 488 dye (Invitrogen). Samples were counter-stained
with To-Pro 3 nuclear stain (Invitrogen) diluted 1:1000 in 1x
PBS, washed twice in 1x PBS and mounted with ProLong Gold
(Invitrogen). Dry mounted sections were imaged on a Leica TCS
SP5 confocal fluorescence microscope.
Dual Immunostaining/In situ Hybridization
We developed a dual staining protocol to parse out, in the
same animal, the sets of active neurons related to two sequential
exposure events separated by a period with no stimulation. In
brief, mice were first exposed to a stimulus, then transferred
back to their own soiled home cages for some time, followed
by a second exposure to stimulus. Brains were then subjected
to a dual immunostaining/in situ hybridization protocol to
detect immature nuclear c-Fos mRNA derived from the second
exposure period, concomitant with the detection of nuclear c-
Fos protein resulting from the first exposure period. Specifically,
animals were individually caged in Cage #1 and habituated in
the dark for 90min per day on the previous 2 days before the
exposure. The habituation protocol guarantees that the animals
are exposed to olfactory stimuli in a context relevant to the
generation of behaviors. On the exposure day, half of the soiled
bedding from the animal’s cage was transferred to another
cage (Cage #2). The first exposure to olfactory stimulus was
performed in Cage #1 for 20min, and the animals were then
transferred to Cage #2 for 60min without olfactory stimulation.
They were then transferred back to Cage #1 for a second period
of olfactory stimulation for 20min (same or different stimulus).
All of these steps were conducted in the dark. At the end of
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the exposures, animals were anesthetized with ketamine/xylazine,
and quickly perfused with 4% paraformaldehyde fixative. Brains
were further fixed overnight with RNAse-free fixative and
equilibrated in RNase-free 20% sucrose. Forty micrometer
sections were collected on a VT100S vibratome (Leica) in
1x PBS-DEPC. Chosen sections encompassing the MeA were
subjected to a new method for the combined detection of c-
Fos mRNA and protein, as follows. Pre-treatment of sections and
probe hybridization: Free-floating sections were fixed with 4%
paraformaldehyde for 20min, permeabilized in 0.2M HCl/H2O-
DEPC for 10min, incubated in 0.1% H2O2/1x PBS-DEPC to
inactivate endogenous peroxidases for 30min and acetylated in
0.1M Triethanolamine-HCl pH 8.0 with acetic anhydride for
10min. Sections were then incubated in hybridization solution
containing 400 ng/mL of each of two 1 kb digoxigenin-labeled
cRNA probes in a 5x SSC humidified chamber for 16 h, at 58–
60◦C. Probes correspond to two fragments of the c-Fos mRNA
(fragments were obtained by reverse transcription-PCR using
the following oligonucleotides: Probe 1: 5′ CAGCGAGCAACTG
AGAAGAC 3′ and 5′ GCTGCATAGAAGGAACCGGAC 3′;
Probe 2: 5′ GGAGCCAGTCAAGAGCATCAG 3′ and 5′ AATGA
ACATTGACGCTGAAGGAC 3′). Hybridization solution also
contained 50% deionized formamide, 600mM NaCl, 200µg/mL
yeast tRNA, 0.25% SDS, 10mM Tris-HCl pH 8.0, 1x Denhardt’s
solution, 1mM EDTA pH 8.0 and 10% dextran sulfate. Washes
and antibody incubation: Sections were washed in 2x, 0.2x, and
0.1x SSC solutions (20min each), permeabilized in 0.1% Tween
20/1x PBS and blocked in 100mM Tris-HCl/150mM NaCl/0.5%
Blocking Reagent (Perkin Elmer). Next, sections were incubated
with alkaline phosphatase-conjugated anti-digoxigenin antibody
(Roche; 1:400) for 2 nights, at 4◦C. Signal amplification and
immunostaining: Sections were incubated in tyramide-biotin
(Perkin Elmer; 1:50) in amplification diluent containing 0.0015%
H2O2, then incubated with horseradish peroxidase-conjugated
streptavidin (Perkin Elmer; 1:100) in 100mM Tris-HCl/150mM
NaCl/0.5% Blocking Reagent, and finally incubated in Alexa
Fluor 546-tyramide (Invitrogen; 1:100) in amplification diluent
containing 0.0015% H2O2. Peroxidase from the first signal
was inactivated by treatment with 3% hydrogen peroxide for
30min and 0.1 HCl for 10min, prior to blocking and anti-c-
Fos primary antibody (Ab5; Millipore) incubation in regular c-
Fos immunostaining as detailed before. Nuclear counterstaining
was performed with To-Pro-3 (Invitrogen; 1:1000) and sections
were mounted on glass slides with ProLong Gold anti-fade
reagent (Invitrogen) and imaged on a Leica TCS SP5 confocal
microscope.
Since time elapsing between the two episodes of stimulation is
sufficiently long in our protocol, this strategy enabled us to parse
out the activation profiles derived from both stimulations with
great precision, such that c-Fos mRNA is indicative of activation
during the last exposure and c-Fos protein is indicative of the
first exposure (Figures 9D–G). This method was based on the
catFISH procedure (Guzowski et al., 1999, 2001; Lin et al., 2011).
However, our method enables better resolution in the assignment
of brain activity resulting from each of two consecutive olfactory
stimulations, because the two exposure episodes are separated
by a longer time period (1 h). Moreover, because the c-Fos gene
encodes a transcription factor, the co-detection of its mRNA
and protein inside the same subcellular compartment (nucleus)
makes it unequivocal to determine if the cell produced mRNA,
protein or both.
RNA Probe Design and Validation
For the design of cRNA probes to V2R vomeronasal receptors,
we investigated whether different receptor genes harbor specific
regions anywhere in the coding or non-coding regions. However,
nucleotide and protein similarities among the members of each
clade were found to be very high (>80%), though members from
different clades usually share less than 70% nucleotide sequence
identity. These similarity levels are constant throughout the
entire gene sequence, including exons, introns, and untranslated
regions. Unlike previously published reports (Isogai et al., 2011),
one could not obtain probes that permit safe discrimination
between cells expressing different receptors in the same clade,
even under highly stringent hybridization conditions. For each
clade, we chose probes based on one or two receptors, and
each probe exhibited 80% minimum nucleotide similarity with
other receptor members in the same clade, but 72% maximum
allowed similarity with receptors in other clades. The rate of co-
labeling of cells with two differently labeled probes in the same
clade was high in prior validation experiments (usually >90%
concordance). Each cRNA probe was produced with rNTPs
labeled with haptens DNP (Egr1) and/or DIG (V2R) (Roche)
from 1 kb suitable fragments cloned into pGEM-T-Easy vector
(Promega), using SP6 or T7 RNA polymerases (Roche). VNO
neurons in the basal zone co-express receptors in the V2R A/B/D
families plus one receptor in the V2R C family (Silvotti et al.,
2007). Since C family members are widely expressed in these
neurons, we did not include probes for them in our investigation
of the molecular identity of neurons activated by each olfactory
stimulus.
Statistical Analyses
Statistical analyses were performed using R and Stat packages,
and XLSTAT add-on in Excel. For comparing mean behavioral
output measurements and numbers of c-Fos positive cells in each
brain region, we applied one-wayAnalysis of Variance (ANOVA),
followed by Tukey-Kramer HSD post-hoc analysis. In each case,
P-values indicate the probability that the null hypothesis (the
means are equal or were drawn from like populations) is true.
P > 0.05 led to rejection of the null hypothesis in all tests.
For comparing distributions of active cells in the MeA for two
stimulus groups in Figure 11, we counted cells along the dorsal-
ventral axis of the MeA, the position and direction of which
were estimated taking the third ventricle in the hypothalamus
as a proxy. The axis ventral limit (the origin in all graphs in
Figure 11) was defined as the most ventral pixel in the MeA
in each image. The axis dorsal limit was defined as the point
600µm from the origin along the dorsal-ventral axis. Data
collected at bregma –1.46mm from all animals in each group
being compared were plotted in scale intervals of 60µm (total
of 10 intervals plotted in bar graphs in Figure 11) along the
dorsal-ventral MeA axis. Comparisons between distributions for
any two groups were performed with the Kolmogorov-Smirnov
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distribution comparison test (KS test), applied on cumulative
ranks for the intervals mentioned above. In this case, P-values
indicate the probability that the null hypothesis (the distributions
are equal or were drawn from like populations) is true.
Results
A Wide Range of Intra- and Interspecies
Chemosignals Detected by the VNO Activate the
Medial Nucleus of the Amygdala
In order to investigate in detail the patterns of activity in the
MeA, we separately exposed C57BL/6 mice to the various intra-
and interspecies olfactory stimuli listed in Table S1 (see also
Materials and Methods). For all stimuli, the amounts employed
induced similarly potent behavioral responses in mouse subjects
(Figure 1A; see also Chamero et al., 2007; Papes et al., 2010;
Isogai et al., 2011). Interestingly, several heterospecific odors
were shown to trigger defensive behaviors (Figure 1A). Other
odors (such as same-strain mouse odors) were unable to
elicit defensive behaviors, and instead induced aggressive or
reproductive responses (Figure 1A).
With this protocol, increases in VNO and brain activity for
each stimulus could be evaluated by comparison with appropriate
unscented controls (listed in Table S2). Most of the stimuli
activated a large number of VNO sensory neurons (Figure 1B),
as judged by the expression of the marker of VNO activity Egr1
(Isogai et al., 2011). Some stimuli were presented in different
forms (Table S1) and therefore cannot be compared, but we
noticed a tendency for intraspecific signals to activate a smaller
subpopulation of VNO cells than interspecific stimuli, such as
predator odors (Figure 1B).
Next, we analyzed whether VNO activation was accompanied
by activity in the AOB and MeA, known to have anatomical
connections (direct or indirect) with olfactory sensory organs
(Figures 1C,D). In animals exposed to heterospecific or
conspecific odors, induction of the marker of neuronal activity
c-Fos was strong in the AOB (Figures 1D, 2A, 3Ai, 4; see also
Papes et al., 2010) and MeA (Figure 1D and Table S2). Rabbit
urine, which does not induce defensive or aggressive behaviors
in mice, did not activate these nuclei, nor did generally noxious
stimuli such as foot shock (Figure 1D and Table S2).
Interestingly, we noticed that heterospecific signals tended to
activate the AOB and MeA more strongly than conspecific odors
(Figure 1D), and we found a statistically significant positive
correlation between activity induced by each stimulus in these
areas and the number of Egr1-expressing cells in the VNO
(Figures 2A,B; see also Figures 2C,D for control brain areas).
Investigation of Activity in the AOB and MeA after
Exposure to Intra- and Interspecies Pure Stimuli
Next, we intended to confirm that the observed activity in the
MeA was due to pheromones and kairomones, by using pure
ligands instead of complex odorous mixtures (see Materials
and Methods section for details on pure stimuli). Recombinant
versions of Mup proteins (rMups) were employed, namely,
mouse pheromone rMups, which are able to induce aggressive
and territorial behaviors (Chamero et al., 2007; Kaur et al.,
2014), and a predator kairomone rMup, which triggers defensive
behaviors (Papes et al., 2010).
First, we confirmed that neural activity due to each pure
rMup is indeed part of that induced by the corresponding native
stimulus, because exposure to a combination of each rMup plus
the respective complex odor resulted in c-Fos counts which
are not the sum of c-Fos positive cells in animals separately
exposed to the pure or to the native stimuli alone (Figure 3A).
Importantly, we found that equal amounts of predator (cat or
rat) or mouse rMups elicited similar activity in the AOB or MeA
(Figures 3A,B). This first-hand comparison of brain activity due
to different pure stimuli revealed that the MeA, the activity
of which correlates with VNO activation induced by complex
stimuli (Figures 1, 2), is indeed activated by pure pheromones
and kairomones.
The Medial Nucleus of the Amygdala Receives
Major Functional Inputs from the VNO
In order to determine if the observedMeA activity was dependent
on the VNO-mediated detection of pheromones/kairomones,
we adopted a genetic strategy, where MeA c-Fos analysis was
performed in TrpC2−/− mutant animals without a functional
VNO (see Materials and Methods for details on the knockout
line).
First, we confirmed that instinctive behaviors toward a
large variety of hetero- or conspecific odors were impaired in
TrpC2−/− mutants (data not shown; see also Stowers et al., 2002;
Chamero et al., 2007; Papes et al., 2010). Next, we found that
the behavioral defects in the mutant animals were accompanied
by severely reduced or abolished c-Fos expression in the AOB
(Figure 4A and Table S2; see also Figure 4B and (Papes et al.,
2010) for representative images of the pAOB activation after
exposure to various odors), consistent with the notion that this
brain regionmainly collects information from the VNO (Wagner
et al., 2006). Importantly, in the MeA, the number of c-Fos
positive cells is much lower in TrpC2−/− than in TrpC2+/+
mice, being comparable to unscented controls (Figure 5A, left
graph for complex native stimuli and right graph for pure stimuli,
and Figure 5B for representative images from animals of both
genotypes exposed to conspecific or heterospecific odors; see
also Table S2), suggesting that the observed increase in c-Fos
expression in wild-type animals primarily results from processing
of VNO signals.
It is important to note that other regions, such as the piriform
cortex, another olfactory area in the brain, do not exhibit changes
in activity in TrpC2−/− animals (Figure 4A, bottom graph), in
keeping with the notion that this brain region does not receive
major inputs from the VNO (Stettler and Axel, 2009). It further
shows that loss of activity is not widely distributed in the brains
of TrpC2−/− mice, strengthening the idea that the decrease in
MeA activity in the mutants is specific and due to the lack of a
functional VNO.
Olfactory Stimuli Activate Broadly Distributed
Ensembles of Neurons in the Medial Amygdala
Next, we investigated and compared how distinct stimuli lead to
activation patterns in the MeA, by carefully evaluating the spatial
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FIGURE 1 | A wide range of olfactory stimuli activates the medial
nucleus of the amygdala. (A) Increased avoidance defensive behavior (left)
after exposure to various heterospecific mammalian and non-mammalian
predator odors. Some heterospecific (rabbit) and conspecific stimuli do not
induce behavior. In contrast, inter-male aggression (right) is elicited by
conspecific, but not by heterospecific, odors. Heterospecific stimuli are
shown in orange and conspecific ones in blue, grouped according to
presentation form (bedding, gauze or bodily shedding). Mean ± s.e.m.
*p < 0.01; ANOVA followed by Tukey-Kramer HSD post-hoc analysis against
respective control (white bars). See Tables S1 and S2 for a list of stimuli and
controls. (B) Exposure of male mice to conspecific or heterospecific stimuli
activates VNO neurons, as evidenced by in situ hybridization to immediate
early gene Egr1. Control (ctrl) odor is PBS-soaked gauze for liquid stimuli
(similar number of Egr1-positive cells were found for other controls). Scale
bar represents 100µm. lu, VNO lumen. Purple labeling, nuclear stain; green,
Egr1 in situ hybridization signal. (C) Representation of coronal sections
through the mouse brain at the indicated bregma values, showing the
location of analyzed brain nuclei in (C). 3V, third ventricle; Aq, cerebral
aqueduct. (D) Heat map representing the activation of the medial nucleus of
the amygdala (MeA) and accessory olfactory bulb (AOB) sub-regions, in
animals exposed to various heterospecific and conspecific olfactory stimuli.
As a control, activity in the piriform cortex (Pir), which does not receive major
vomeronasal system inputs, is also shown, as well as the hippocampus
(hippo), the activity of which is not directly related to olfaction and was used
as control. Bright red indicates the largest number of observed c-Fos-positive
cells per unit area for each nucleus. White indicates activation comparable to
control level. See Table S2 for numbers of c-Fos-expressing cells and a key
to heat map colors in each area, for each odor and respective controls. A
white gap separating two columns indicates that the corresponding stimuli
were presented in different forms and should not be compared. ♀exp♂
denotes a female mouse exposed to male odors. n = 6–26. gcl, granule cell
layer of the AOB; mcl, mitral cell layer. n.d., not determined.
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FIGURE 2 | Activity in the medial nucleus of the amygdala is correlated
with vomeronasal sensory detection activity. Scatter plots comparing the
activation level in the VNO (judged by the number of nuclei expressing the
immediate early gene Egr1 in a 40,000µm2 area of sensory epithelium) and
the activation level seen in (A) AOB (posterior aspect) and (B) MeA, as judged
by the number of c-Fos positive cells in each brain region per unit area (as
denoted in Table S2). Each dot represents a different stimulus. The R2 and
probability values for the F statistics are given in each panel, indicating the
amount of variance explained by the linear regression model (dashed red line)
and the likelihood that the data fit the model, respectively. Note the positive
correlation between AOB and MeA activation and VNO activation, but
absence of correlation for the piriform cortex (C), the activation of which
reflects events in the main olfactory epithelium, not the VNO. (D) The
hippocampus is used as a control region not directly affected by either the
main olfactory or vomeronasal system activation.
distribution of activated cells in animals exposed to our wide set
of heterospecific and conspecific stimuli. Overall, an average of
10–25% of MeA cells were activated, depending on the stimulus.
In mice exposed to each of the predator odors, c-Fos-expressing
cells were found broadly distributed in theMeA (Figures 6D–H).
For such heterospecific stimuli, the distributive pattern was seen
in both the dorsal and ventral aspects of the posterior MeA
(MeAp) and in the anterior MeA (MeAa) (examples in Figure 6;
see also Figure 7 and quantitation in Figure 8).
Strikingly, for most conspecific signals, the same broad
distribution pattern was observed (Figures 6B,C), in both the
dorsal and ventral aspects of the MeAp and in the anterior MeA
(MeAa) (Figures 7, 8). In male mice exposed to female odors,
the activated cells were found in both the dorsal and ventral
MeAp, but with a higher concentration in the dorsal aspect
(Figures 6C, 7B).
The Active Ensembles of Neurons in the MeA are
not Invariant
Next, we investigated the stereotypy and invariance of the
ensemble of activated cells in theMeA. To this end, we developed
FIGURE 3 | Activity induced by pure VNO stimuli in the medial nucleus
of the amygdala and control brain areas. (A) Comparison among activity
in the AOB (i) and MeA (ii) in animals separately exposed to purified ligands
presented in the same amount (cat, rat or mouse Mups). Mup24 or a mixture
of Mup24, Mup3, Mup8, and Mup25 (Mup mix) were used at the same total
amount. The number of c-Fos expressing cells is also shown for
corresponding native stimuli, which are cat-scented gauze (SG) and rat urine
(Ur.). Heterospecific stimuli are indicated in orange and conspecific ones in
blue. White bars represent unscented controls (MBP-soaked or clean gauze
for liquid or solid stimuli, respectively). n = 8–12. n.s., no statistically significant
difference. (B) Heat map representing the activation of the AOB, MeA and
control areas (same as in Figure 1) in animals exposed to purified
heterospecific and conspecific olfactory stimuli. Abbreviations and color
grading are the same as in Figure 1. See Table S2 for numbers of c-Fos
expressing cells.
a dual c-Fos immunostaining/in situ hybridization protocol
to parse out, in the same animal, the sets of active neurons
related to two sequential olfactory exposure events (see Materials
and Methods for details). In these experiments, c-Fos protein
is indicative of activation during the first exposure, while c-
Fos mRNA labels cells activated after the second exposure
(Figures 9D–G).
Exposure of mice to the same stimulus twice leads to largely
distinct subsets of activated cells in the MeA, with 20–30%
overlap (Figures 9A–C; see also Video S1 for an explanation
of dual staining visualization). This contrasts with the level of
overlap we observed between groups of activated cells in the
piriform cortex related to two instances of exposure to the same
stimulus: in this area, the same stimulus resulted in the consistent
activation of largely overlapping groups of neurons over two
subsequent trials (Figure 9C, right bars, Pir): 83.7 ± 1.7% of all
piriform cells expressing c-Fos protein also express c-FosmRNA;
and 77.2 ± 2.1% of all cells expressing c-Fos mRNA also express
c-Fos protein.
Interestingly, the concordance level between the active MeA
ensembles in two exposures to the same stimulus is significantly
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FIGURE 4 | Confirmation of VNO-mediated stimulus detection by
investigation of activity in the accessory olfactory bulb in the brain.
(A) Quantification of odor-evoked c-Fos expression in the AOB in
TrpC2+/+ (black bars) or TrpC2−/− (white bars) genotypes. pAOB means
activity in the posterior AOB. The top bar graph means activity in the
granule cell layer and the middle graph represents activity in the mitral cell
layer. Control odor is PBS-soaked or clean gauze for liquid or solid stimuli,
respectively. n = 8–20. *p < 0.05; **p < 0.01. Mean ± s.e.m. ANOVA
followed by Tukey-Kramer HSD post-hoc analysis (comparison of
TrpC2+/+ against TrpC2−/− for each odor). See Table S2 for numbers of
c-Fos expressing cells and for other odors, and for a full description of
controls, in both genotypes. Activation by each test stimulus and loss of
activity in the mutants confirm that the stimuli activate the VNO and
connected accessory olfactory pathway in the brain. Activity in the piriform
cortex, which is not known to receive massive inputs from the
vomeronasal organ, is not affected by the genetic ablation of the VNO in
TrpC2−/− animals (bottom graph). (B) Examples of immunostaining for
c-Fos (green fluorescence) showing activation of the posterior division of
the AOB in animals exposed to three taxonomically distantly related
species (heterospecific odors). Purple labeling shows nuclear staining. gcl,
granule cell layer; mcl, mitral cell layer; gl, glomerular layer; d, dorsal.
Scale bar represents 100µm. See Table S1 for a description of stimuli,
and Table S2 for quantification of AOB activation. See also Papes et al.
(2010), for images of AOB c-Fos immunostaining for other stimuli.
larger than that expected by chance alone [23.5± 0.8% of all cells
expressing c-Fos protein that also express c-Fos mRNA vs. 1.1 ±
0.2% overlap expected by chance (chi-square test of goodness-of-
fit; P = 0.85); or 27.8 ± 1.9% of all cells expressing c-Fos mRNA
that also express c-Fos protein vs. 0.96 ± 0.3% overlap expected
by chance (P = 0.82)]. Together, the foregoing results suggest
that the active ensembles in the MeA, though not random, are
not invariant.
Distinct Olfactory Stimuli Activate Intermingled
Ensembles of Neurons in the Medial Amygdala
To directly compare the spatial organization of activity in the
MeA due to distinct stimuli (Figure 10), we used the dual c-Fos
immunostaining/in situ hybridization protocol described above.
When we compared snake and cat stimuli, the overlap seen
between the active MeA ensembles during the two exposures
was not small [25.2 ± 2.4% of all cells expressing c-Fos protein
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FIGURE 5 | Investigation of activity in the medial nucleus of the
amygdala after exposure to odors detected by the VNO. (A)
Quantification of odor-evoked c-Fos expression in the MeA in TrpC2+/+
(black bars) or TrpC2−/− (white bars) genotypes. The left bar graph shows
data for exposures to native (complex) conspecific or heterospecific stimuli;
the right bar graph exhibits data for purified stimuli. Control odor is
PBS-soaked or clean gauze for liquid or solid stimuli, respectively. n = 8–20.
*p < 0.05; **p < 0.01. Mean ± s.e.m. ANOVA followed by Tukey-Kramer
HSD post-hoc analysis (comparison of TrpC2+/+ against TrpC2−/− for each
odor). See Table S2 for numbers of c-Fos expressing cells and for other
odors, and for a full description of controls, in both genotypes. (B) Exposure
to conspecific and heterospecific stimuli leads to activation in the MeA,
judged by c-Fos expression (green). This effect is significantly impaired in
TrpC2−/− animals, where the VNO is non-functional. The white dashed lines
mark the boundaries for the MeA. d, dorsal; m, medial; opt, optic tract. Scale
bar represents 100µm.
that also express c-Fos mRNA vs. 1.5 ± 0.4% overlap expected
by chance (chi-square test of goodness-of-fit; P = 0.81); or
23.8 ± 0.9% of all cells expressing c-Fos mRNA that also express
c-Fos protein vs. 1.4 ± 0.4% overlap expected by chance (P =
0.90)]. Similar results were obtained in the comparison between
snake (heterospecific) and female mouse (conspecific) odors
(not shown). Although significantly larger than that expected by
chance alone, this overlap level does not permit us to easily and
unequivocally interpret whether different stimuli activate non-
overlapping ensembles or whether the active sets of cells have
some degree of overlap in the MeA, because the same stimulus
induces c-Fos expression in subsets of cells with an equivalent
degree of overlap over two subsequent trials (Figure 9C).
However, the comparison between multiple stimuli with
our dual staining protocol does enable us to determine if
there is spatial segregation of activated cells in the MeA.
We did not verify any immediately discernible differential
distribution of activated cells when one predator stimulus
was compared to a different predator stimulus (Figure 10B),
indicating that the active ensembles related to exposures
with these distinct stimuli were intermingled in broad
regions of the MeA. Similarly, we could not verify spatial
segregation in the MeA when a predator odor was compared
in the same animal with odors from conspecific same-sex
individuals: in males, the comparison between a predator
stimulus and female mouse odors (which activate cells
distributed in the entire MeA but concentrated along its
dorsal side) also revealed that these two stimuli activate
mostly interspersed groups of cells throughout the MeA
(Figure 10C).
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FIGURE 6 | Olfactory stimuli activate dispersed ensembles of
cells in the medial nucleus of the amygdala. (A) MeA activity
observed in animals exposed to control odor (ctrl). (B–H) Distributed
patterns of c-Fos expression in the posterior aspect of the MeA in
animals exposed to conspecific (B,C) or heterospecific (D–H) stimuli,
including several predator species. Panel (C) represents the dorsal
portion of the MeA (MeApd), near the optic tract. Remaining panels
represent the whole MeA. The white dashed lines mark the
boundaries for the MeA. n = 4–6. d, dorsal; m, medial; opt, optic
tract. Scale bar represents 100µm.
Organization of Activity in the MeA Does Not
Reflect Behavioral Output, Stimulus Valence,
Stimulus Origin, Chemical Category or Receptors
Activated at the Sensory Organ Level
If distinct olfactory stimuli activate intermingled ensembles of
cells in the MeA, without spatial order, how is activity organized
in this nucleus? Odors capable of eliciting defensive responses
activated both the dorsal and ventral MeA (Figures 6–8), and
therefore activity related to defensive stimuli is not exclusively
restricted to or markedly enriched in the ventral MeA, as
previously suggested (Swanson, 2000; Canteras, 2002; Choi
et al., 2005). The spatial distributions of cells in the active
ensembles are not significantly different for heterospecific
vs. conspecific stimuli (Figure 11B; two sample Kolmogorov-
Smirnov distribution comparison (KS) test, P = 0.26; see
Materials and Methods and Figure 11A for details). Therefore,
the organization of MeA activity does not seem to reflect the
source of stimulus origin (heterospecific vs. conspecific) or the
behavioral outputs (reproductive vs. defensive).
Second, we alternatively hypothesized that activity in the
MeA could be organized according to the taxonomic groups to
which the species tested belong. Even though the numbers of
distinct species used in each taxonomic group were limited, our
data do not support this model, because the distributions of
activated cells for avian predators (Figures 6G, 8C), mammals
(Figures 6D–F, 7B, 8A,C), reptiles (Figures 6H, 7B, 8B), and
even invertebrates (Figure 8B) are all dispersed across the
nucleus, without preference for dorsal or ventral MeA, or for
pMeA or aMeA (Figure 8).
Third, we examined whether activity in the MeA is dependent
on the chemical nature of the stimuli. For example, small
organic molecules could be represented in one MeA sector, while
proteins/peptides would evoke activity in another. However, our
data show that male mouse urine (containing both Mup proteins
and small organic VNO ligands; Chamero et al., 2007) activates a
distributed ensemble (Figures 5B, 6B,C, 8B), whereas cat odor
(containing a defensive behavior-inducing Mup; Papes et al.,
2010) produces a similar pattern (Figures 5B, 6D, 8B). Therefore,
our data indicate that stimuli of dissimilar chemical nature do not
necessarily induce distinct patterns of MeA activity, suggesting
that the mapping of olfactory information in this nucleus is not
dependent on the chemical class to which the stimulus belongs.
Finally, we verified whether activity in the MeA is dependent
on the molecular identity of activated sensory VNO neurons.
Previous publications (Isogai et al., 2011) indicate that most
stimuli employed in our study are detected by cells in the
basal zone of the VNO, characterized by the expression of
GPCR receptors in the V2R family (∼120 family members,
phylogenetically grouped into several clades; Silvotti et al., 2007).
Therefore, we decided to focus on defining the V2R receptors
expressed in activated VNO neurons in animals individually
exposed to each stimulus, using double fluorescent in situ
hybridization with one probe to detect the expression of the
marker of vomeronasal neuron activation Egr1 and other probes
to detect specific clades of V2R receptors (Figure S1A) (see
Materials and Methods for probe design and validation).
Stimuli that activate VNO neurons expressing V2R receptors
in the A4 clade (nomenclature following Silvotti et al., 2007),
Frontiers in Neuroscience | www.frontiersin.org 11 August 2015 | Volume 9 | Article 283
40
Carvalho et al. Odor representation in medial amygdala
FIGURE 7 | Examples of activity in the medial nucleus of the amygdala
along the rostral-caudal axis after exposure to heterospecific stimuli.
(A,B) Activation in the MeA is distributed across the nucleus and along the
rostral-caudal axis (sections in three bregma positions are shown), in animals
exposed to cat (A) or snake (B) odors. Images represent immunostaining for
the marker of neuronal activation c-Fos (green fluorescence). Purple labeling,
nuclear stain. The white dashed lines mark the boundaries for the MeA. d,
dorsal; m, medial; opt, optic tract. Scale bar represents 100µm.
such as feline odors, all produce distributed c-Fos expression
in the MeA (Figures 6D,E, Figures S1B, S1C, right panel).
Chemosignals detected by VNO cells expressing clades A8,
A5, and A1 of V2R receptors, such as same or opposite-
sex adult mouse odors (Figures 6B,C and Figure S1B), also
activate dispersed ensembles in the MeA. The ensembles
activated by odors belonging to these two categories are in fact
intermingled (Figures 9, 10), and the distributions of activated
cells (Figure 11C) are not statistically significantly different
between the two groups (two-sample Kolmogorov-Smirnov test;
P = 0.40).
Discussion
Representation of Olfactory Information in the
Brain
In this study, we investigated the activity in the mouse medial
amygdala induced by odors that elicit instinctive behaviors
important for the survival of the individual and the species
(pheromones and kairomones). Using a combination of genetic
and brain activity analyses, we show that a wide range
of different odors activate cells in the MeA, and that this
area is functionally involved in the circuit initiated at the
VNO. Though the general involvement of the amygdala in
processing olfactory information has been appreciated for some
time (Swanson, 2000; Takahashi, 2014), its exact place in the
neural mapping and representation of odors remains poorly
characterized. We investigated the organization of activity in
this area and found that there is a lack of spatial segregation
for activity related to distinct stimuli, without reflecting output
behaviors or stimulus valence, which is in opposition to the
current views about how activity in the medial amygdala is
laid out.
Activation of the Medial Amygdala by a Large
Repertoire of Intra- and Interspecific Odors
In this study, we comparatively analyzed brain activity in
the MeA by using a wide range of intra- and interspecies
olfactory stimuli (Table S1) which are able to induce instinctive
behavioral responses in mouse subjects, including aggression,
sexual behavior, or defensive behavior (Figure 1A). Curiously,
we found that several heterospecific odors trigger defensive
behaviors, greatly expanding the previously described list of
kairomones (Papes et al., 2010) and evidencing the importance of
olfaction in the detection of danger. In animals exposed to most
conspecific and heterospecific stimuli, a significant subgroup
of VNO sensory neurons was activated. We noticed that
heterospecific odors that induce defensive behaviors tended to
activate more VNO cells than other types of stimuli (Figure 1B),
a result that stresses the importance of the mammalian VNO
in the detection of odors from other species (Papes et al., 2010;
Isogai et al., 2011).
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FIGURE 8 | Activity in the medial nucleus of the amygdala after
stimulation with pheromones or kairomones is not spatially
segregated. (A) Schematic representation of the anatomical divisions of the
MeA, showing its anterior (left) and posterior (right) aspects and the different
subsectors therein, such as the anterior MeA (MeAa), posterodorsal MeA
(MeApd), and posteroventral MeA (MeApv). (B) Distribution of activity in MeAa,
MeApd, and MeApv parts of the MeA, for several stimuli (grouped by
presentation form). *p < 0.01. Mean ± s.e.m. ANOVA followed by
Tukey-Kramer HSD post-hoc analysis. See also Figures 6, 8 for
representative c-Fos images and other stimuli. lpd. cat, leopard cat; mtn. lion,
mountain lion; afr. lion, African lion. ♀exp♂ denotes a female mouse exposed
to male odors. In most cases, activity is dispersed in the MeA, without spatial
segregation in the three subsectors, with the exception of a conspecific
stimulus, namely, in males exposed to female odors.
An investigation of activity in the AOB and MeA in mice
exposed to such chemosignals revealed that these two areas are
activated by those VNO stimuli (Figures 1, 2). Direct projections
of VNO neurons to the AOB are known since the times of Ramon
y Cajal, and indirect anatomical links between the MeA and
VNO have been known for a while (Canteras et al., 1995, 1997;
Petrovich et al., 2001; Blanchard et al., 2005; Mohedano-Moriano
et al., 2007). Our data now provide a comprehensive view of how
the AOB and MeA are activated by odorous stimuli, revealing
that a strikingly large set of behavior-inducing odors activates
these areas. Additionally, we found that these nuclei are more
strongly activated by heterospecific odors than by conspecific
stimuli (Figure 1D), revealing the unprecedented fact that the
mammalian brain is exquisitely activated by odors from other
species in the environment. Finally, we show that activity in the
MeA is correlated with the detection of stimuli by the VNO
(Figure 2), supporting the idea that it belongs to a functional
pathway initiated at the VNO to process olfactory information.
Because most stimuli employed in these experiments were
complex in nature, we needed to confirm that pheromones and
kairomones contained therein could indeed activate the circuit
initiated at the VNO, including the AOB and MeA. In fact, when
we used recombinant versions of Mup proteins from mouse
and cat, which act as pheromones and kairomones, respectively
(Chamero et al., 2007; Papes et al., 2010), the VNO, AOB, and
MeA were activated (Figure 3).
By using a wide variety of behavior-inducing odors, together
these experiments (Figures 1–3) led to the corroboration that the
MeA is activated by pheromones and kairomones, and greatly
expanded the known repertoire of signals, both complex and
pure, able to provide sensory input to this region; moreover, these
data suggest that the MeAmostly receives functional inputs from
the VNO, because MeA activity is highly correlated with VNO
detection of behavior-inducing odors.
Functional Links between MeA and VNO
The activity we observed in the MeA with complex olfactory
stimuli (Figure 1) may not necessarily be dictated by the VNO,
becauseMeA neuronsmay also receive inputs from other sensory
organs. In this vein, we noted that the piriform cortex, which does
not receive major inputs from the VNO, is also activated by our
complex stimuli (Figure 1D). Therefore, we needed to establish
the existence of possible functional links between the observed
MeA activity and VNO detection of pheromones/kairomones. In
order to do this, we exposed VNO-deficient TrpC2−/− mice to
the chemosignals described in the previous section. We observed
that the expression of the indirect marker of MeA neuronal
activation c-Fos was much lower in TrpC2−/− than in TrpC2+/+
mice, similar to the expression seen in animals exposed to
unscented controls (Figure 5), indicating that MeA activation is
functionally linked to the detection of stimuli at the VNO sensory
interface.
In combination with the fact that activity in the MeA is
highly correlated with VNO activity (Figures 1, 2), these results
in TrpC2−/− animals indicate that the MeA is mostly controlled
by the vomeronasal system, favoring the model in which it is part
of a functional circuit initiated at the VNO to control behavior
(Canteras et al., 1997; Swanson, 2000; Blanchard et al., 2005;
Takahashi, 2014).
Organization of Odor-induced Activity in the
Medial Amygdala
In our study, the use of a wide selection of heterospecific and
conspecific signals and of potent stimuli from several species
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FIGURE 9 | Activity in the medial nucleus of the amygdala after
detection of a VNO stimulus is not invariant. (A) Dual immunostaining/in
situ hybridization to compare activity related to two sequential exposures to
the same olfactory stimulus. Top, exposure protocol. Bottom, representative
image showing location of cells activated in the first exposure (green nuclear
fluorescence after c-Fos immunostaining), in the second exposure (two red
nuclear fluorescent foci after c-Fos FISH) or both (yellow). (B) Schematic
drawing of a representative image of activated cells in the MeA after two
sequential exposures to the same stimulus, collected across a 30µm thick
z-series. Dark gray dots represent nuclei of non-activated cells inside the
MeA. Dark gray background indicates the medial amygdala as depicted in
Figure 8A; light gray background marks the optic tract (opt). (C)
Quantification of activated cells related to each of two instances of stimulus
exposure. The first bar (green) in each set represents cells activated in the
first exposure only, the second (red) bar in each set exhibits activated cells in
the second exposure only, and the third bar (yellow) in each set represents
cell activated in both exposures. Quantification of cells in the piriform cortex
(Pir) is shown for comparison. (D) Dual immunostaining/in situ hybridization
to control for activity related to one exposure to olfactory stimulus during the
first application window (100 to 80min prior to brain fixation). Top, exposure
protocol. Bottom, representative image showing location of cells activated in
the first exposure (green nuclear fluorescence after c-Fos immunostaining).
Rare nuclear red fluorescence foci indicate c-Fos mRNA detected by FISH.
Yellow cells express both nuclear c-Fos protein and mRNA. (E) Left,
schematic representation of activated cells in the MeA after one exposure to
stimulus during the first application window, collected across a 30µm thick
z-series. Right, quantification of activated cells related to stimulus exposure.
The first bar (green) in each set represents cells activated in the first exposure
only, the second bar (red) in each set exhibits rare cells expressing c-Fos
mRNA, and the third bar (yellow) represents very few cells expressing both
nuclear c-Fos protein and mRNA, indicating that c-Fos mRNA labels cells
activated during the second exposure, because virtually no mRNA derived
from the first exposure remains at the end of the session. (F,G) Same as in
(D,E), but to examine activated cells related to one exposure to stimulus
during the second application window (20 to 0min before brain fixation),
indicating that c-Fos protein is indicative of the first exposure window,
because not enough time transpired after the second exposure onset to
allow c-Fos protein to be synthesized at any detectable level. n = 4–6. d,
dorsal; m, medial; opt, optic tract. Scale bar represents 100µm; for (B, E),
the scale is the same as in (G).
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FIGURE 10 | Distinct stimuli activate intermingled ensembles of
neurons in the medial nucleus of the amygdala. (A) Dual
immunostaining/in situ hybridization to compare activity in the MeA related
to two sequential exposures to distinct olfactory stimuli. Top, exposure
protocol. Bottom, representative images showing cells activated in the
first exposure (green nuclear fluorescence after c-Fos immunostaining)
and in the second exposure (two red nuclear fluorescent foci after c-Fos
FISH). (B) Schematic drawing of a representative image of activated cells
in the MeA after two sequential exposures to distinct predatory olfactory
stimuli, collected across a 30µm thick z-series. Dark gray dots represent
nuclei of non-activated cells inside the MeA. Dark gray background
indicates the medial amygdala; light gray background marks the optic
tract (opt). (C) Same as in (B), but to examine activated cells related to
sequential exposures to a predator odor and conspecific odor. n = 4–6.
d, dorsal; m, medial; opt, optic tract. Scale bar represents 100µm; for
(B), the scale is the same as in (C).
enabled us to conclude that each tested stimulus induces c-
Fos expression in cells broadly distributed throughout the MeA,
with no apparent spatial segregation (Figures 6–8). Such data
suggest that different stimuli do not result in grossly spatially
segregated ensembles of active neurons in this nucleus of the
amygdala. We also investigated activity in the granule and mitral
cell layers of the AOB, and, similarly to the MeA, we found it not
to be organized in a spatially segregated fashion (defensive and
social stimuli produced similarly distributed activity), in keeping
with previous publications (Luo et al., 2003; Hendrickson et al.,
2008; Ben-Shaul et al., 2010). These data suggest that the
distributive activity in the AOB is maintained in the MeA, the
first information processing station after the olfactory bulb in the
brain.
We further showed that different VNO stimuli activate
intermingled ensembles of cells in the MeA, without evident
spatial separation (Figures 6, 10). The apparent lack of
segregation of activated ensembles for different olfactory stimuli
indicates that a spatial map to internally represent VNO ligands
is not formed in the MeA (or that its underlying organization is
undiscernible at this resolution).
These results put into question previous ideas according
to which the MeA would be functionally divided into two
sectors, dorsal and ventral, and stimuli related to distinct
behavioral outputs (namely, reproductive or defensive) would
activate spatially segregated groups of neurons in those two
sectors, respectively (Swanson, 2000; Canteras, 2002; Choi
et al., 2005). Although previous anatomical and functional
evidences suggested that some stimuli may induce coherent
activity in the MeA consistent with this notion (Choi et al.,
2005), the use of a wide range of stimuli in our study
enabled us to rule out this model by showing that distinct
stimuli activate an equivalent percentage of MeA neurons and
that they are mostly intermingled, without apparent spatial
segregation.
Though stimuli that induce distinct behavioral outputs
(defensive vs. reproductive) were not found to be spatially
segregated in a consistent fashion, it remains possible that these
two sets of cells send information to different downstream areas,
resulting in distinct coding and processing pathways to trigger
opposing behaviors. In fact, the active MeA ensembles related
to cat and female odors were found to be projection neurons
with largely distinct projection sites in the brain (Choi et al.,
2005); moreover, tracing studies indicated, at a grosser level,
that amygdala projection neurons target several brain areas, with
some degree of overlap (Canteras et al., 1995; Dong et al., 2001;
Petrovich et al., 2001; Canteras, 2002).
The distributive organization we observed in the MeA is also
noteworthy in view of the fact that this nucleus is heterogeneous
and contains cells selectively activated by particular ligand types:
for example, some cells are active in animals exposed to predator
odors, others are active in males exposed to females, others are
activated by same-sex odors, while some are responsive to all
kinds of stimulation (Bergan et al., 2014). It is therefore possible
that the distinct subtypes of MeA neurons are intermingled, but
projecting to distinct target output regions.
Interestingly, the distributive organization of MeA activity
resembles the piriform cortex, where volatile odorants detected
by the main olfactory epithelium are internally represented by
distributed ensembles of active neurons, without any discernible
spatial organization, irrespective of the stimulus’ chemical nature,
concentration or valence (Stettler and Axel, 2009). In both the
piriform and MeA, each stimulus activates a percentage of the
neurons, and the activated neurons are distributed, with no
apparent spatial segregation or stereotypy. Moreover, different
odors activate distinct, but partially overlapping, ensembles of
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FIGURE 11 | Comparisons of the spatial distributions of activated
cells along the dorsal-ventral axis of the medial nucleus of the
amygdala. (A) Schematic diagram showing how the dorsal-ventral axis
was positioned in the MeA. The axis origin (0) was defined as the most
ventral pixel in the MeA in each scored image, while the upper extreme
at the dorsal side lies 600µm from the origin along the dorsal-ventral
axis. This segment was further subdivided into 10 intervals and activated
cells were counted for each interval in each image. (B) Horizontal bars
represent the mean number of activated cells in each of the 10 intervals
along the MeA axis (600µm in total length), leading to a representation
of the spatial distribution of the active ensemble. Black bars in the
middle graph were obtained with data from mice exposed to conspecific
stimuli (♂exp♀, ♀exp♂, ♀exp♀, and ♂exp♂ groups); black bars in the
right graph are for mice exposed to heterospecific odors (cat, leopard
cat, mountain lion, rat, owl, hawk, and snake); white bars in the left
graph represent basal level activation with control odors (see Table S2).
n = 8 for each species. Error bars are s.e.m. (C) Similar to (B), but
comparing MeA activation after exposure to odors that activate VNO
neurons expressing A1/A5/A8V2R receptors (♂exp♀, ♀exp♂, and
♂exp♂ groups) against the group of animals exposed to stimuli related
to A4V2R receptors (cat, leopard cat, and mountain lion). n = 8 for each
species. Error bars are s.e.m.
neurons. The similarity between the representation of odors
in the piriform and in the MeA concurs with the suggested
cortical-like nature of some amygdalar areas.
Curiously, the cortical amygdala, which receives olfactory
information collected by the main olfactory epithelium, seems
to be organized in a spatially segregated fashion (Miyamichi
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et al., 2011; Sosulski et al., 2011). Moreover, volatile odorants that
elicit innate behaviors of different valence (appetitive or aversive)
activate different populations of neurons within the cortical
amygdala (Root et al., 2014), suggesting that the representation
in such brain region is different from the representation of
pheromones/kairomones in the MeA.
We have also investigated the stereotypy of the active cells
in the MeA, and found that neurons activated by exposure to
one stimulus are mostly distinct from those activated by a later
exposure to the same stimulus (Figure 9). These data show little
concordance for the sets of MeA cells activated in response to
the same stimulus in two trials, suggesting that determined or
immutable ensembles of cells related to each VNO stimulus do
not exist in this brain area; however, because the concordance is
higher than that expected by chance alone, the active ensemble to
one stimulus is probably not random.
The little concordance between the two groups of neurons
activated by the same odor in the MeA is not due to restrictions
imposed by the use of c-Fos as a marker for neuronal activation
in our dual immunostaining/in situ hybridization technique,
because a high level of overlap was seen for two sequential
exposures to the same stimulus in another brain area, the
piriform cortex, using the same procedure (Figure 9). Our
data on the piriform cortex is in agreement with a previous
publication, which verified that piriform neurons that respond
to an odorant have a high chance of responding at least once
again to the same odorant over subsequent trials (Stettler and
Axel, 2009). It is interesting to note, however, that we observed
higher levels of concordance in the piriform cortex than another
study (Shakhawat et al., 2014), which used a similar dual staining
procedure to evaluate responses in the primary olfactory cortex,
but found that the same odor activates ensembles with <30%
overlap when given repeatedly; a possible reason for such
difference is the fact that Shakhawat and collaborators employed
purified odorants while we used complex stimuli, which activate
a larger ensemble of piriform neurons, increasing the chances
of overlap in a subsequent exposure trial. Further studies will
be necessary to explore the difference between stereotypy in the
MeA and piriform. If confirmed by additional methods (e.g.,
electrophysiology or functional imaging), the representation of
odorants in the piriform and of pheromones/kairomones in the
MeA will be different in one significant aspect: in the piriform,
each odor stimulates activity in a distributed and sparse ensemble
of neurons, but according to our data that ensemble is mostly
defined (Figure 9); in contrast, our results show that the active
ensembles in the MeA in response to conspecific/heterospecific
stimuli are non-immutable (Figure 9).
Lastly, we show that the distributive pattern of activity in the
MeA is not organized to reflect the type of stimulus employed,
because no discernible differential distribution of activated cells
is observed between animals exposed to heterospecific or to
conspecific stimuli (Figure 10). Moreover, we show that MeA
activity is not organized to reflect the different behavioral
consequences of the detected stimuli (reproductive vs. defensive).
These data are contrary to previous notions established for the
organization of the medial amygdala (Swanson, 2000; Canteras,
2002; Choi et al., 2005) and call for alternative models to explain
how pheromones and kairomones produce coherent activity in
this brain region. We further showed that the MeA activity does
not indicate the stimulus chemical nature or the repertoire of
receptors expressed in activated neurons at the sensory interface
(Figures 10, 11).
Further anatomical and functional studies will be needed
to confirm that the MeA does not internally represent the
ensuing behaviors after detection of chemosignals by the
VNO. If confirmed, these findings will pose an exciting final
question: where are the olfaction-mediated instinctive behaviors
represented in the brain? The hypothalamus, particularly its
ventromedial nucleus, the dorsal premammillary nucleus, and
the periaqueductal gray, anatomically positioned downstream
to the MeA (Motta et al., 2009), are likely candidates, since
they are activated by pheromones/kairomones (Dielenberg et al.,
2001; Meredith and Westberry, 2004; Choi et al., 2005; Lin
et al., 2011) and have been causally implicated in numerous
behaviors. In the future, functional mapping of the flow of
olfactory information along this brain circuit will be needed
to understand the transition between the dispersed amygdala
activity we describe here and the representation and generation
of adaptive behaviors in yet uncharacterized higher brain sites.
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1. Supplementary Data 
 
1.1. Supplementary Video 1. Schematic representation of dual c-Fos immunostaining / in 
situ hybridization method and results. The first segment shows the stimulation protocol and the 
image of a cell in the VMH where c-Fos protein is expressed in the nucleus (green), representing 
activation during the first olfactory stimulation period (with snake odors, in this case). The second 
segment shows the stimulation protocol and a z-series across the VMH depicting a cell where 
immature c-Fos mRNA is detected by fluorescent in situ hybridization in two nuclear foci, related to 
the second, most recent, exposure period (red). The z-series is followed by its 2D reconstruction. The 
third segment shows the stimulation protocol and a z-series across the VMH depicting a cell where 
both c-Fos protein and mRNA are detected by fluorescent in situ hybridization in the nucleus, related 
to the the first and second stimulations, respectively (green and red). The z-series is followed by its 
2D reconstruction at the end. Supplementary Video 1 is provided as a separate video file. 
 
2. Supplementary Figures and Tables 
The Supplementary Material for this manuscript includes one Supplementary Figure (Figure S1; both 
the figure and the legend are found below) and two Supplementary Tables (Tables S1 and S2). Table 
S1 is provided in this word document, with its legend. Table S2, due to its large size, is provided as a 
separate worksheet file, but the legend is included in this Supplementary Material document. 
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2.1. Supplementary Figures 
 
Supplementary Figure 1. Investigation of receptors in the V2R family expressed in 
vomeronasal sensory neurons activated by chemosignals. (A) Phylogenetic tree of V2R receptors, 
evidencing clustering into several clades. The figure focuses on A-type clades, following 
nomenclature used in Silvotti et al., 2007. (B) Heat map showing V2R receptors in several clades 
expressed in VNO neurons activated after exposure to various heterospecific and conspecific stimuli. 
The number of receptors in each clade is given in the second column. Dark blue indicates co-
expression of Egr1 and the tested clade in more than 10 cells per VNO section. Intermediate blue hue 
indicates 3 to 10 co-labeled cells per section, lighter blue indicates 1 or 2 co-labeled cells per 
sections, and white indicates absence of co-labeling. Check also Isogai et al., 2011, for V2R receptors 
expressed in cells activated by other stimuli. (C) Examples of double in situ hybridization for Egr1 
(red) and vomeronasal receptors (green) in VNO sections of animals exposed to different stimuli, 
with labeling co-localization evidenced in inset. See Experimental Procedures for probe information 
and validation. lu, lumen. Scale bar represents 100 μm. 
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2.2. Supplementary Tables 
2.2.1. Supplementary Table 1. List of olfactory stimuli used. Details for each heterospecific or 
conspecific stimulus used, including donating species information (common and scientific names), 
presentation forms (on gauze, as scented bedding or bodily sheddings), method of collection, amount 
used and type of behavior reported on mice. 
 Common species 
name 
Scientific 
name 
Presentation 
form 
Collection 
method 
Amount 
used 
Reported behavior 
on mice 
Cr
ud
e s
tim
uli
 
Domestic cat Felis catus Gauze scented 
with bodily 
secretions 
Gauze rubbed 
against the 
neck and 
mouth regions
one 8-ply 
5 x 5 
inches 
gauze 
Fear behavior 
(Dielenberg et al., 
2001; Papes et al., 
2010) 
Domestic cat Felis catus Bodily 
shedding 
Shaved cat 
fur 
1 g Fear behavior 
(Papes et al., 2010 
and this study) 
Leopard cat Leopardus 
pardalis 
Scented 
bedding 
Bedding 
collected 
directly from 
devoted cage 
50 ml Fear behavior (this 
study) 
Cougar 
mountain 
lion 
Puma 
concolor 
Scented 
bedding 
Bedding 
collected 
directly from 
devoted cage 
50 ml Fear behavior (this 
study) 
African lion Panthera leo Scented 
bedding 
Bedding 
collected 
directly from 
devoted cage 
50 ml Fear behavior (this 
study) 
Rat Rattus 
norvegicus 
(Sprague-
Dawley 
strain) 
Scented 
bedding 
Bedding 
collected 
directly from 
devoted cage 
50 ml Fear behavior (this 
study) 
Rat Rattus 
norvegicus 
(Sprague-
Dawley 
strain) 
Gauze scented 
with bodily 
secretions 
Gauze 
scented with 
liquid urine 
(1ml, unless 
otherwise 
noted) 
one 8-ply 
5 x 5 
inches 
gauze 
Fear behavior 
(Papes et al., 2010; 
this study) 
Great horned 
owl 
Bubo 
virginianus 
Bodily 
shedding 
Feathers 
taken from 
cage 
1 g Fear behavior (this 
study) 
Crested 
caracara 
hawk 
Polyborus 
plancus 
Bodily 
shedding 
Feathers 
taken  from 
cage 
1 g Fear behavior (this 
study) 
Cornsnake Pantherophi
s guttatus 
Bodily 
shedding 
Shed skin 1 g Fear behavior 
(Papes et al., 2010; 
this study) 
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Jararaca 
snake 
Bothrops 
jararaca 
Bodily 
shedding 
Shed skin 1 g Fear behavior (this 
study) 
Jararacussu 
snake 
Bothrops 
jararacussu 
Bodily 
shedding 
Shed skin 1 g Fear behavior (this 
study) 
Tarantula 
spider 
Theraphosid
ae family 
Scented 
bedding 
Bedding from 
devoted cage 
50 ml Fear behavior (this 
study) 
Domestic 
rabbit 
Orictolagus 
cuniculus 
Gauze scented 
with bodily 
secretions 
Gauze 
scented with 
liquid urine 
(1ml) 
one 8-ply 
5 x 5 
inches 
gauze 
No behavior on 
mice 
Mouse Mus 
musculus 
Scented 
bedding (male, 
unless 
otherwise 
noted) 
Bedding 
collected 
directly from 
devoted cage 
50 ml  
Pu
re 
stim
uli
 
Cat Felis catus Purified 
stimulus (cat 
Mup = Feld4) 
Gauze 
scented with 
purified 
stimulus 
10 mg Fear behavior 
(Papes et al., 2010; 
this study) 
Rat Rattus 
norvegicus 
Purified 
stimulus (rat 
Mup13) 
Gauze 
scented with 
purified 
stimulus 
10 mg Fear behavior 
(Papes et al., 2010; 
this study) 
Mouse Mus 
musculus 
Purified 
stimulus 
(mouse 
Mup24) 
Gauze 
scented with 
purified 
stimulus 
10 mg Aggression 
(Chamero et al., 
2007) 
Mouse Mus 
musculus 
Purified 
stimulus 
(mouse Mups 
24+8+3+25) 
Gauze 
scented with 
purified 
stimulus 
10 mg 
total 
(equal 
amounts) 
 
 
2.2.2. Supplementary Table 2. c-Fos cell counts in the brain of animals exposed to various 
stimuli. Each table cell represents the numbers of c-Fos-positive nuclei (mean ± s.e.m.) in TrpC2+/+ 
or TrpC2-/- littermates exposed to each stimulus indicated on the top row (‘odor’) or to respective 
control odors (‘ctrl’). The type of stimulus and respective olfactory controls are given in the last two 
rows for each stimulus. Abbreviations for each brain region follow those used in the Paxinos brain 
atlas (Paxinos and Franklin, 2004) and are the same used in the Figures and main text. On the 
rightmost part of each row, it is given the meanings of colors presented in heat maps in Figures 1 and 
3 (numbers of c-Fos positive cells per unit area in each region). White color always corresponds to 
activity level observed in animals exposed to control odors. Scale of colors in each area was 
arbitrarily chosen to make the amplitude of the variance in c-Fos counts across stimuli evident. The 
Supplementary Table 2 is provided as a separate worksheet file.  
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4. Chapter 2 
Spatial representation of olfactory stimuli in the VMH 
Chapter presentation: in this chapter, we present the draft of a manuscript that will 
be later submitted for publication. Some alterations were made to the original 
manuscript to better suit the thesis model and facilitate the overall comprehension of 
the data in the context of a thesis defense; some preliminary data were added, which 
we thought were relevant to the current topic. This manuscript presents our results 
showing spatial representation of pheromones and kairomones in the VMH. We were 
able to show that different stimuli activate distinct ensembles of neurons and that each 
ensemble is circumscribed to a specific region in this nucleus, forming a neural map of 
olfactory information. Furthermore, we began taking the first steps to understand the 
principles underlying this neural map formation. We hypothesized that this might be a 
neural map of sensory information and thus decided to analyze if the spatial 
segregation might reflect the identity of vomeronasal receptors activated at the sensory 
interface. There appears to be a positive correlation between the clade of receptors 
activated in the VNO and the position of active neural ensembles in the VMH, but 
further confirmation will be required. Finally, we have also began trying to unravel how 
this map is ´read´ by downstream brain regions. We performed tracing experiments to 
understand how these distinct activated ensembles project to other brain areas. 
Surprisingly, it appears that ensembles activated by different predator odors send 
projections to slightly different regions of the AHN and the PAG, but these preliminary 
data need further confirmation. Taken together, our results will help further 
understanding how pheromones and kairomones are represented in the brain and will 
help elucidating the neural basis for instinctive behaviors. 
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4.1  Introduction 
In mammals, sensory stimuli are detected by specialized sensory cells that 
express appropriately tuned molecular receptors. Sensory information is then sent to 
the brain, where it must be systematically represented by coherent patterns of neural 
 activity (LUO; FLANAGAN, 2007). Though still poorly understood, it is assumed that 
these patterns of activity (or sensory maps) are read by decision-making areas in the 
brain, resulting in output behaviors. Therefore, knowledge on the neural representation 
of sensory information is key to understanding how the nervous system works to 
perceive the external world. 
The olfactory system is specialized in the detection of chemical sensory 
stimuli, which indicate the presence and quality of food, potential mates, competitors 
and dangers in the environment (reviewed in  Munger et al. 2009). Though the central 
representation of olfactory stimuli in the brain has been investigated (STETTLER; 
AXEL, 2009), very little is known about the neural mapping of odors that elicit instinctive 
behaviors. These cues include substances released by an individual and detected by 
the same species (pheromones) or by another species (kairomones), mediating a 
range of instinctive behavioral responses, such as aggression (CHAMERO et al., 
2007), mating, gender discrimination (KIMCHI; XU; DULAC, 2007; STOWERS et al., 
2002) and fear (PAPES; LOGAN; STOWERS, 2010). Since these cues crucially 
regulate the interactions between individuals, the study of their neural representation 
is central to understanding how the brain controls animal behavior, indirectly impacting 
life cycle, natural history and evolution. 
The vomeronasal organ (VNO), a sensory structure in the nasal cavity, has 
been implicated in the detection of pheromones and kairomones (MUNGER; 
LEINDERS-ZUFALL; ZUFALL, 2009). The VNO connects with the accessory olfactory 
bulb (AOB) in the brain, which in turn is anatomically connected to several brain areas, 
including the amygdala (mostly the posteromedial cortical nucleus, or PMCO, and 
medial nucleus, or MeA). The amygdala is further connected to the hypothalamus 
(including the ventromedial nucleus, or VMH), stria terminalis (BNST nucleus), and 
medial preoptic area (MPOA) (CANTERAS; SIMERLY; SWANSON, 1995; 
PETROVICH; CANTERAS; SWANSON, 2001). 
The organizing principles behind the representation of odors that elicit 
innate responses in these areas remain poorly characterized. Prior studies have shown 
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that activity in the AOB reflects sensory input from the VNO (WAGNER et al., 2006). 
In contrast, it is thought that other regions are organized to reflect behavioral output. 
For example, it has been suggested that the MeA nucleus in the amygdala and the 
VMH nucleus in the hypothalamus are each divided in sub-areas, activated by 
predatory or social stimuli, composing distinct pathways involved in defensive or 
reproductive behaviors (CHOI et al., 2005; LIN et al., 2011; SILVA et al., 2013; 
SWANSON, 2000). More recently though, through systematic comparison of a wide 
variety of olfactory stimuli capable of producing different behavioral outputs, we were 
not able to observe any type of spatial representation of stimuli in the MeA 
(CARVALHO et al., 2015a), leading to the conclusion that currently models accepted 
by the field do not reflect the complete organization of olfactory processing areas in 
the brain.  
Since the MeA receives inputs from the AOB and send massive outputs to 
the hypothalamus, mostly the ventromedial nucleus (VMH), we decided to closely 
investigate and compare how different olfactory stimuli, each able to induce instinctive 
behaviors following detection mediated by the VNO, are internally represented in the 
VMH. It has recently been shown that optogenetic stimulation of the SF1+ neurons in 
the central and dorsomedial portions of the VMH leads to fear responses in adult mice 
(KUNWAR et al., 2015; WANG; CHEN; LIN, 2015), but little is known about the raw 
stimuli that induces activity in these cells and about the relationship between this 
activity and the sensory interface. We found that a large set of intra- and interspecies 
signals leads to activation of the VMH in a VNO-dependent manner. We also show that 
neural activity in the hypothalamus is more complex than previously thought, with 
different predator odors activating distinct ensembles of SF1 expressing neurons, 
circumscribed to non-overlapping regions in the VMH. Strikingly, these data show that 
an internal sensory map exists deep in the brain’s limbic system to represent external 
olfactory information important for the survival of the individual and the species. 
4.2  Results 
4.2.1 A wide range of raw and purified intra- and interspecies chemosignals 
activate the VMH in a VNO-dependent manner 
Pheromones and kairomones lead to behaviors innately, and are thus 
believed to be processed by hard-wired brain circuits. Moreover, such behaviors are 
conserved between individuals, and therefore we assumed that 
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pheromones/kairomones are represented by coherently organized activity along those 
circuits.  
To identify potential targets where a sensory map of olfactory information 
could be formed, we adopted a comprehensive approach where activity in several 
brain regions was evaluated in mice exposed to wide range of raw or purified 
pheromones/kairomones. These were intra- and interspecies olfactory stimuli such as 
odors from male and female mice, and odors from a wide variety of natural or 
occasional mouse predators (such as cat, rat, snake and hawk). Importantly, all odors 
tested were capable of producing conserved and stereotypical behavioral response in 
mice (interspecies odors produced social behaviors, whereas predator odors induced 
defensive responses), and most of them elicited activity in the VNO (CARVALHO et al. 
2015; Chapter 1). 
We analyzed how detection of this wide range of odors induced activity in 
several brain nuclei known to be anatomically connected (directly or indirectly) with 
olfactory sensory organs (Figures 3A and B)1. In animals exposed to heterospecific or 
conspecific odors, induction of the neuronal activity marker c-fos was stronger in the 
AOB, MeA, BNST (Chapter 1 and Figure 4B), VMH and MPOA (Figure 4B). 
Interestingly, rabbit urine, which does not induce defensive or social behaviors in mice 
(Chapter 1, Figure 4A), did not activate these nuclei, but induced activity in the piriform 
cortex and in the cortical amygdala (Figure 4B), regions associated with the main 
olfactory system. Furthermore, a generally noxious stimulus such as foot shock did not 
induce activity in the aforementioned nuclei (Figure 4B). 
To further characterize the relationship between activity in the sensory 
interface (VNO) and activity in higher brain regions connected to the AOS, we 
quantified the number of cells activated in each of these areas. As with the AOB and 
MeA (Chapter 1), we observed a statistically significant positive correlation between 
activity in the VMH, induced by each stimulus tested, and the number of cells 
expressing the neuronal activity marker egr-1 in the VNO (Figure 4C), further 
strengthening the notion that this nucleus is wired to process olfactory information. This 
correlation was not observed when we analyzed regions involved with the main 
olfactory system, such as the piriform cortex (Chapter 1). 
1 Parts from figures 3A and B were also presented in chapter 1. We chose to present them again to 
make the narrative for this chapter more fluid, but for the actual manuscript this figure will be changed 
accordingly. 
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Figure 4: A wide range of olfactory stimuli activates the VMH in a VNO dependent 
manner. (A) representation of coronal sections through the mouse brain at the indicated 
bregma values, showing the location of analyzed brain nuclei in (B). (B) Heat map representing 
the activation of several brain nuclei in animals exposed to various heterospecific and 
conspecific olfactory stimuli. Bright red indicates the largest number of observed c-Fos-positive 
cells per unit area for each nucleus. White indicates activation comparable to control level. A 
white gap separating two columns indicates that the corresponding stimuli were presented in 
different forms and should not be compared. ♀exp♂ denotes a female mouse exposed to male 
odors. n = 6-26. 3V, third ventricle; Aq, cerebral aqueduct; AOB, accessory olfactory bulb; 
BNST, bed nucleus of the stria terminalis; MeA, medial nucleus of the amygdala; PMCO, 
posteromedial cortical nucleus of the amygdala; PLCO, posterolateral cortical nucleus of the 
amygdala; MPOA, medial preoptic area; VMH, ventromedial nucleus of the hypothalamus; 
PAG, periaqueductal gray; Pir, piriform cortex (related to olfaction, but not to VNO pathways); 
Hippo, hippocampus (activity not directly related to olfaction and used as control); gcl, granule 
cell layer of the AOB; mcl, mitral cell layer. n.d., not determined. (C) Scatter plot comparing the 
activation level in the VNO (judged by the number of nuclei expressing the immediate early 
gene egr1 in a 400 μm2 area of sensory epitlhelium) and the activation level seen in VMH 
(ventromedial nucleus of the hypothalamus), as judged by the number of c-Fos positive cells. 
The R squared and probability values for the F statistics are given, indicating the amount of 
variance explained by the linear regression model (dashed red line) and the likelihood that the 
data fit the model, respectively. Note the positive correlation between VMH activation and VNO 
activation. (D) Avoidance defensive behavior is impaired in TrpC2-/- mice (white bars) as 
compared to TrpC2+/+ controls (black bars) after exposure to various heterospecific predator 
odors. Y-axis values indicate the amount of time the animal spends more than 20 cm away 
from the stimulus in a 30 min session. Mean ± s.e.m. *p < 0.01; ANOVA followed by Tukey-
Kramer HSD post-hoc analysis (comparison of TrpC2+/+ against TrpC2-/- for each odor). lpd. 
cat, leopard cat; afr. lion, african lion. (E) Exposure to conspecific and heterospecific stimuli 
leads to activation in the VMH, judged by c-Fos expression (green). This effect is significantly 
impaired in TrpC2-/- animals, where the VNO is non-functional. The white lines mark the 
boundaries for the VMH. 3V, third ventricle. Scale bar represents 100 μm. (F) Quantification of 
odor-evoked c-Fos expression in the VMH and piriform cortex of TrpC2+/+ (black bars) and 
TrpC2-/- (white bars) genotypes. Control odors are PBS-soaked or clean gauze for liquid or 
solid stimuli, respectively. n = 8-20. **p < 0.01. Mean ± s.e.m. ANOVA followed by Tukey-
Kramer HSD post-hoc analysis (comparison of TrpC2+/+ against TrpC2-/- for each odor). 
 
The correlation of activity in the VMH and VNO appears to indicate that 
these sites are part of the same pathway and that activity in the VMH is dependent on 
inputs from the VNO. However, activity in the VMH may have other components not 
accounted for in this correlative analysis: for example, the VMH may receive major 
inputs from other sensory systems, or it may be only indirectly linked to VNO 
chemoreception. To better understand the link between this brain area and the VNO, 
we adopted a genetic ablation strategy, in which we analyzed activity in the VMH of 
mice where vomeronasal sensory neurons are held inactive by a null mutation in the 
gene coding for trpC2, the main signal transduction channel in the VNO (STOWERS 
et al., 2002).  
Firstly, we ensured that the instinctive behaviors elicited by the odors we 
employed were impaired in TrpC2-/- mice (Figure 6D; see also STOWERS et al., 2002; 
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CHAMERO et al., 2007; PAPES et al., 2010). We then assessed if this impairment was 
accompanied by diminished activation in the VMH. Remarkably, TrpC2-/- mice showed 
a drastic reduction in c-fos positive cells upon exposure to the wide variety of odors, 
reaching levels comparable to unscented controls (Figures 4E and F). This reduction 
was not observed in the piriform cortex, which is known to receive mainly inputs from 
the MOS (Figure 4F). These results indicate that there are functional connections 
between the VNO and the VMH, further strengthening a model in which this region is 
part of a circuit initiated in the VNO (BLANCHARD et al., 2005; CANTERAS et al., 
1997; MOTTA et al., 2009; SWANSON, 2000) and making it a good candidate to 
harbor a map of VNO olfactory information.  
The odors used in the foregoing experiments were presented in different 
forms and are composed of complex mixtures of mostly uncharacterized ligands, which 
makes it impossible to make systematic comparisons between each crude stimulus. 
However, purified ligands present in these complex mixtures can be used for this 
purpose. Therefore, we used recombinant versions of predator or mouse Major Urinary 
Proteins (rMups), which are sufficient to induce VNO-mediated behaviors (CHAMERO 
et al., 2007; PAPES et al., 2010) and could be presented in comparable amounts. First, 
we confirmed that neural activity in the VMH after detection of each rMup was in fact a 
part of that induced by the native stimulus, since exposure to a combination of each 
rMup with its respective complex odor resulted in c-fos counts which are not the sum 
of c-fos positive cells in animals separately exposed to the pure or native stimulus 
alone (Figure 5A). We also observed that rMups were able to consistently induce 
activity in the VMH (Figure 5A). Interestingly, while equal amounts of predator (cat or 
rat) rMups elicited similar levels of activity in the VMH, the activity was lower when 
mice were presented with the same amount of conspecific rMups (Figure 5A). It has 
previously been shown that the VMH is activated by the pheromone ESP1 (exocrine-
secreted peptide 1) (HAGA et al., 2010), and here we expand the list of known 
pheromones/kairomones that are processed by the limbic regions related to the VNO. 
Finally, to ensure that the VMH activity is in fact dependent on a functional VNO, we 
exposed TrpC2-/- mice to the rMups. As with the raw stimuli (Figure 4F), the number of 
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c-fos positive cells in TrpC2-/- mice was comparable to unscented controls (Figure 5B). 
 
 
Figure 5: Activity induced by pure VNO detected stimuli in the VMH. (A) Comparison 
among activity in the VMH in animals separately exposed to purified ligands presented in the 
same amount (cat, rat or mouse Mups). Mup24 or a mixture of Mup24, Mup3, Mup8 and Mup25 
(Mup mix) were used at the same total amount. The number of c-Fos expressing cells is also 
shown for corresponding native stimuli, which are cat-scented gauze (SG) and rat urine (Ur.). 
Heterospecific stimuli are indicated in orange and conspecific ones in blue. Unscented 
controls: MBP-soaked or clean gauze for liquid or solid stimuli, respectively). n = 8-12. *p < 
0.01. Mean ± s.e.m. ANOVA followed by Tukey-Kramer HSD post-hoc analysis. (B) 
Quantification of odor-evoked c-Fos expression in the VMH in TrpC2+/+ (black bars) and 
TrpC2-/- (white bars) genotypes exposed to comparable amounts of pure stimuli. n = 8. *p < 
0.05; **p < 0.01. Mean ± s.e.m. ANOVA followed by Tukey-Kramer HSD post-hoc analysis 
(comparison of TrpC2+/+ against TrpC2-/- for each Mup). Control odor is gauze soaked with 
MBP, maltose binding protein, the tag used for recombinant protein purification.  
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4.2.2 Distinct olfactory stimuli stereotypically activate spatially segregated 
groups of neurons in the ventromedial hypothalamus 
The current model for organization of limbic areas related to the VNO 
divides these regions into two separate circuits: the ‘social’ circuitry, which 
encompasses the MeApd, the VMHvl and other downstream regions; and the 
predator/defensive circuitry, comprised by the MeApv, the VMHdm and other 
downstream regions (CHOI et al., 2005; LIN et al., 2011; SILVA et al., 2013; 
SWANSON, 2000). However, recent results from our group and others indicate that 
these subdivisions in the MeA may be more complex than previously thought 
(BERGAN; BEN-SHAUL; DULAC, 2014; CARVALHO et al., 2015a; FERRERO et al., 
2013), and the current `social circuit` and `defensive circuit` model may not precisely 
reflect how these nuclei are organized. 
We then set out to investigate how activity in the VMH is organized, by using 
the comprehensive list of odors presented above, which elicit several distinct output 
behaviors, including defensive, aggressive, sexual (towards adults or juveniles) or 
neutral responses (Chapter 1).  
Consistent with the notion that VMHdm activity correlates with defensive 
behavior, male mice exposed to the odors of feline predators (domestic cat, leopard 
cat, mountain lion and african lion) and one avian predator (owl) displayed massive 
activation, as judged by c-Fos expression, in the VMHdm (Figures 6A and 6B), with 
very few or no immunostained cells observed in the VMHvl. On the other hand, 
conspecific same-strain olfactory stimuli (Figures 6G and 6H) produced moderate to 
low activation in the VMHvl of C57Bl6/J mice. To more precisely map the activity 
pattern between the stimuli employed, we demarcated the VMH boundary in each 
immunostained brain section and plotted the position of each imaged c-fos positive cell 
onto a schematic reference map (Figure 6 A-H, right panel) to allow for better 
visualization.   
Next, we similarly mapped the activity evoked by additional taxonomically 
unrelated predators (hawk, rat, several snake species and tarantula spider). 
Surprisingly, we found very strong c-Fos expression in the previously little 
characterized central portion of the VMH (VMHc), with few activated cells present in 
the previously described ‘defensive’ VMHdm (Figures 6D-6F). Notably, this activity 
pattern was observed throughout the anterior-posterior extension of the VMH, not 
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being restricted to a small fraction of the nucleus (Figure 7A and B). 
 
 
Figure 6: Distinct olfactory stimuli detected by the VNO activated differently localized 
ensembles of neurons in the VMH. Representative VMH images from animals exposed to a 
range of different odors (left), either from predators or from conspecifics, showing activity (c-
Fos staining in green) in slightly distinct sectors. The right plot in each panel shows activated 
cells plotted onto a reference schematic VMH diagram; the interquartile range and extremes 
of the distribution in both axes of the VMH are shown superimposed to the representation of 
activated cells. These data show that different odors activate neuronal ensembles with distinct 
spatial distributions. Remarkably, distinct predator odors, such as snake odor, activate a more 
central ensemble, while other predators, such as felines, generate activity that is more 
dorsomedially located. Scale bar represents 100μm. 3V: third ventricle; d: dorsal; m: medial 
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Figure 7: The neuronal ensemble activated by each predator odors is spatially 
circumscribed throughout the whole rostral-caudal length of the VMH. (A) and (B) 
Activation in the VMH is distributed across the rostral-caudal axis (sections in three bregma 
positions are shown), in animals exposed to cat (A) or snake (B) odors. Images represent 
immunostaining for c-Fos (green). dm, dorsomedial; vl, ventrolateral. Purple labeling, nuclear 
stain. The white solid lines mark the clear boundaries for the VMH. Scale bars represent 100 
μm. 
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4.2.3 Distinct predator odors activate anatomically segregated populations 
of SF1+ neurons in the VMH 
The VMH has been traditionally divided into three different anatomical sub-
regions: the dorsomedial, central and ventrolateral portions. Each of these sub-regions 
is associated with the expression of different molecular markers, such as steroidogenic 
factor 1 (SF1) expression in the dorsomedial and central portions, and estrogen 
receptor alpha (Esr1) in the ventrolateral portion (reviewed in MCCLELLAN et al., 
2006). Recent studies have shown that photostimulation of the Esr1+ population leads 
to sexual and aggressive behaviors (LEE et al., 2014), while photostimulation of the 
SF1+ population leads to defensive behaviors (Kunwar et al. 2015; Wang et al. 2015). 
However, little is known about which natural stimuli are able to activate these cell 
populations, potentially leading to those behaviors. 
We decided to test whether SF1+ neurons in the VMH are activated by the 
predator odors described before. We chose to use one odor that activates cells in the 
VMHdm (cat) and one that activates cells in the VMHc (snake). Adult C57Bl6 male 
mice were exposed to either one of these stimuli, and we observed that the VMH in 
these animals stained for both c-fos and SF1 (Figure 8). Importantly, we observed 
strong co-localization (~65-70%) between the staining for c-fos induced by cat and 
snake odors and the staining for SF1 (Figure 8A and B). To investigate whether activity 
in SF1+ is restricted to animals exposed to predator stimuli, we exposed male mice to 
odors from another male mice and stained for c-fos and SF1; in this case, we observed 
no overlap between c-fos and SF1 stainings (Figure 8A).  
We showed that different predator odors activate spatially segregated 
ensembles of neurons, with little overlap between them (Figure 6). We now show that, 
even though these cells are spatially separated, they express the same molecular 
marker, SF1 (Figure 8). Figure 8C shows a schematic diagram that represents our 
current model for organization of activity in the VMH, representing the neuronal 
populations activated by each of the tested odors. This image illustrates the 
segregation between the activated ensembles, evidencing the formation of a sensory 
map in the VMH to represent distinct odors as distinct ensembles of active cells.   
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 Figure 8: Distinct predator odors activate non-overlapping populations of SF1 
expressing neurons. (A) Representative images showing the VMH from male mice exposed 
to either cat, snake or another male’s odor. SF1 staining is shown in green, c-fos is shown in 
red. A no-stimulus control is shown on the bottom row. We observed high overlap between 
staining for SF1 and c-fos when mice were exposed to predator odors (B) Quantification of 
overlap between SF1 and c-fos staining. (C) Schematic representation of a VMH showing 
ensembles of neurons responsive to the different stimuli tested. The shaded area represents 
the SF1+ zone, where most of the predator responsive neurons are located. (D) Representative 
images showing the VMH from male mice exposed to snake odors. Esr1 is shown in green 
and c-fos is shown in red. No overlap between the staining was observed.  n.s.: non-significant; 
****: p<0.0001 
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 Finally, we decided to test whether a predator odor was able to induce 
activity in the Esr1+ cells, known to be related to social behaviors. We chose to use 
snake odors that activate the VMHc region, which is spatially closer to the Esr1+ cell 
population. We saw no overlap between c-fos staining induced by snake odors and 
staining for Esr1 (Figure 8D), confirming that activity due to predator odors is mostly 
restricted to the most dorsomedial neuronal population, which expresses SF1. 
 
4.2.4 Sequential exposures to the same stimulus activate variable 
populations of neurons in the VMH 
To further investigate the organization of olfactory representation in the 
VMH, we examined whether exposures to the same stimulus activate the same 
ensemble of neurons. Mice were sequentially subjected to two stimulations and the 
VMH was analyzed using a dual c-Fos staining protocol developed in our lab 
(CARVALHO et al. 2015; Chapter 1). Briefly, mice exposed for a first stimulus for 
twenty minutes, were allowed a resting period with no exposure for sixty minutes and 
were exposed to a second stimulus for another twenty minutes. c-Fos protein resulting 
from the fisrt exposure was detected by immunofluorescence with an anti c-Fos 
antibody, while c-fos mRNA resulting from the second exposure was detected with 
specific fluorescent in situ hybridization probes. We observed that two exposures to 
the same odor (snake) induce activation in the same circumscribed region of the VMH 
(VMHc), and activated cells from both episodes are intermingled, with some overlap 
(Figures 9A and B). Similar results were obtained for the VMHdm activated by two 
sequential episodes of stimulation with cat odor (not shown).  
The concordance between the two ensembles activated by the same 
stimulus is significantly above that expected by chance alone [23.4 ± 0.9% of all cells 
expressing c-Fos protein that also express c-Fos mRNA versus 2.5 ± 0.6% overlap 
expected by chance (mean ± s.e.m.; Welch’s t-test assuming unequal variances; 
t=24.3; d.f.=6; P<10-7)]. These results indicate that each odor is represented by an 
ensemble which is circumscribed to a region of the VMH, and that the ensembles are 
not random, suggesting that these coherent representations are hard-wired and may 
be read by the brain to generate innate responses. 
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Figure 9: Ensembles of active neurons in the VMH are non-random and devoted. (A) 
Dual immunostaining / in situ hybridization to compare activity in the VMH related to two 
sequential exposures to the same olfactory stimulus (green nuclear fluorescence represents 
c-Fos immunostaining related to the first exposure and nuclear foci of red fluorescence 
represent c-Fos related to second exposure). Higher magnification of colabeled cell in inset. 
(B) Left, schematic representation of activated cells in the VMH after two sequential exposures 
to the same stimulus, collected across a 30 μm thick z-series. Right, quantification of 
distribution and overlap of activated ensembles. The first bar (green) in each set represents 
cells activated in the first exposure only, the second bar (red) exhibits activated cells in the 
second exposure only, and the third bar (yellow) represents cells activated in both exposures. 
(C) and (D) left, dual immunostaining / in situ hybridization to compare activity in the VMH 
related to two sequential exposures to different stimuli (green nuclear fluorescence represents 
c-Fos immunostaining related to the first exposure and nuclear foci of red fluorescence 
represent c-Fos related to second exposure). Right, quantification of distribution and overlap 
of activated ensembles. The first bar (green) in each set represents cells activated in the first 
exposure only, the second bar (red) exhibits activated cells in the second exposure only, and 
the third bar (yellow) represents cells activated in both exposures. 
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and ventrolateral portions, respectively. We decided to investigate if both types of 
olfactory information are represented by mutually exclusive ensembles. Interestingly, 
we found that, close to the boundary between VMHc and VMHvl, activation due to 
snake and conspecific odors appears to be intermingled, such that c-Fos-positive cells 
related to both stimuli are spatially mixed in this area (Figures 9C and D). However, 
the overlap level seen between the two ensembles is much lower than the overlap 
observed when the same stimulus is applied twice (compare Figures 9B and C) and 
not significantly different from the overlap expected by random activation of VMH cells 
[3.9 ± 0.9% of all cells expressing c-Fos protein that also express c-Fos mRNA versus 
2.1 ± 0.6% overlap expected by chance (t=0.79; P=0.24)]. Additionally, little overlap 
was seen between the collections of male VMH neurons activated by predator or same-
sex mouse odors (Figures 9D). These results indicate that the ensembles of neurons 
activated by different stimuli, though circumscribed to a specific region of the VMH, are 
not invariable. 
 
4.2.5 The sensory map in the VMH appears to reflect the identity of the 
vomeronasal receptors activated in the VNO 
The observation of a sensory map for pheromones and kairomones in the 
VMH raises the immediate question of how this map is formed and what it is 
representing. The representation of odors may reflect behavioral output. However, this 
does not seem to be the case, since odors that elicit similar behavioral outputs are 
represented in different regions (such as cat, represented in the VMHdm, and snake, 
represented in the VMHc; Figure 6). It is also worth noting that, upon close inspection, 
ESP1, a pheromone that elicits sexual receptivity in females (HAGA et al., 2010), 
appears to activate cells in the VMHc in female mice, which would indicate that odors 
that elicit different behavioral outputs may be represented in the same overall region. 
Another possibility is that our experimental setup does not allow for observation of 
small differences in behavioral response to different odors. It is also conceivable that 
the VMH map reflects the taxonomy of the initial odor source, but this seems also 
unlikely since predators that are taxonomically distant produce activity in similar 
regions of the VMH, such as rat, snake and spider in the VMHc, and owl and felines in 
the VMHdm (Figure 6).  
We finally hypothesized that activity in the VMH after pheromone and 
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kairomone detection reflects the identity of the receptors activated in the VNO. The 
V2R clade is divided into four families (A to D) according to sequence homology, and 
family A is further subdivided into a series of sub-families that express closely related 
genes (Figure 10A). To test whether the identity of the receptor activated in the sensory 
interface could account for the activity pattern observed in the VMH, we first analyzed 
which receptors are activated by the different stimuli we employed, using data obtained 
by Isogai and collaborators (ISOGAI et al., 2011). This allowed us to correlate each 
tested odor and its corresponding activated receptor types in the VNO with the activity 
map produced in the VMH (Figure 10B). We observed that stimuli that activate different 
receptors appear to be neurally represented in different VMH regions: when clade A4 
receptors are active, induced activity is localized to the VMHdm, such as that observed 
for feline stimuli. As more clade A8 receptors are activated, this representation shifts 
towards the VMHc in its more medial portion, such as that observed for rat stimulus. 
When there is no clade A4 receptors activated, but clade A8 and clade A1 receptors 
are active, activity in the VMH is observed in the more lateral portion of the central 
region, such as that observed for snake stimulus. Finally, when the stimulus activates 
mainly clade A1 receptors, activity in the VMH shifts to the VMHvl, as observed for 
conspecific stimuli.  
Although these observations are preliminary and require further 
confirmation, they allowed us to create a crude model, where activation of clade A4 
receptors will push activity in the VMH towards the dorsomedial part, activation of clade 
A8 receptors will push activity in the VMH towards the central part, and activation of 
clade A1 receptors will push activity towards the ventrolateral portion (Figure 10C). If 
proven correct, this would indicate that activity in the VMH is dictate mostly by the 
receptors in active VNO neurons, strengthening the idea that the map we described in 
the VMH is indeed a sensory neural map to represent pheromone/kairomone 
information in the brain.  
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 Figure 10: Neural representation in the VMH appears to reflect sensory input from the 
VNO. (A) V2R family tree showing the different sub-families or V2Rs. Color scheme follows 
the same presented in (C) to show relationship between activated VRs in the VNO and 
activated regions in the VMH. (B) Schematic representation of different clades activated by 
different stimuli, as shown in Isogai et al. (2011). Darker shades indicate clades that are more 
activated by a certain stimulus. (C) Schematic representation of a model for the representation 
of VRs in the VMH. It appears that clade A4 is represented more in the dorsomedial portion, 
clade A8 is more central and clades A1 and A2 are more ventrolateral. D: dorsal; L: lateral. (D) 
Representative images of double FISH to stain different receptor clades (in green) along with 
the neuronal activity marker egr1 (in red). Our preliminary data indicate that snake odors may 
not activate mainly A8 receptors as observed by Isogai et al. (2011). 
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We have begun a set of experiments to confirm the VNO activity patterns 
observed in previous reports (ISOGAI et al., 2011), by performing double in situ 
hybridizations with probes specific for different receptor clades along with probes for 
the VSN neuronal activity marker Egr-1 (immediate early gene) (ISOGAI et al., 2011). 
Our preliminary data suggest that, upon detection of feline odors, staining for Egr-1 co-
localizes strongly with staining for clade A4 receptors (Figure 10D). However, upon 
detection of snake odors, Egr-1 staining does not seem to co-localize greatly with 
staining for clade A8 receptors (Figure 10D) as was observed by Isogai et al. We have 
thus decided to adopt a new strategy, by the use of a different and more sensitive 
activity marker, namely, the immunodetection of phosphorylated ribosomal protein S6 
(pS6) (Knight et al. 2012; Jiang et al. 2015; unpublished observations from our group). 
We will combine staining for pS6 with staining for different receptor clades in mice 
exposed to different stimuli, to confirm the data presented in Isogai et al. If these 
patterns are accurate, we will statistically test our model for the VMH map formation. 
 
4.2.6 VMHdm and VMHc neurons activated by different predator odors 
appear to have slightly different projection patterns 
The fact that the neuron ensembles activated by different predator odors 
are spatially segregated in the VMH, even though these cells are molecularly similar, 
poses the interesting question as to why they are segregated in the first place. One 
possibility is that these neurons are sending projections to distinct downstream regions 
in the brain. To test this hypothesis, we developed a tracing strategy that would allow 
us to trace only the projections of neurons activated by a single event of odor exposure. 
We decided to use the c-fos DD-Cre (FDC) mouse line available in Dr. Stowers´ lab. 
This knock-in line has a destabilizing domain fused to Cre recombinase (DDCre) under 
the control of the c-fos promoter (Figure 11A). DDCre is a fusion protein in which the 
N-terminus of the Cre recombinase is fused to the mutant E. coli dihydrofolate 
reductase (ecDHFR) (IWAMOTO et al., 2010; SANDO et al., 2013). DDCre is unstable 
and is sent to degradation in the proteasome unless the ecDHFR inhibitor trimethoprim 
(TMP) – a blood brain barrier permeable antibiotic – is present, in which case the Cre 
protein is stabilized and becomes catalytically active (Figure 11B). TMP is found in the 
brain rapidly after an intraperitoneal injection and produces robust DDCre activation; 
moreover, TMP is not toxic and is not known to activate any endogenous receptors or 
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to produce any behavioral changes in mice (IWAMOTO et al., 2010; SANDO et al., 
2013; TAI et al., 2012).  
 
 
Figure 11: Tracing strategy to label projections from neurons responsive to distinct 
predator odors. (A) and (B) Schematic diagram showing the c-fos DD-Cre allele, and its 
functional properties. When the DD domain binds TMP, it stabilizes the protein and makes it 
functional during the time window where TMP is present. (C) Representation of viral vector 
used for tracing c-fos+ neurons in FDC mice, as well as the injection site in the VMH. (D) 
Representative images showing different brain regions (VMH, AHN and PAG) of animals 
exposed to either cat or snake odor. In these animals, the VMH was the injection site. The oval 
represents a region that seems to be less densely innervated by cat responsive cells in the 
central AHN, compared to snake stimuli. 3V: third ventricle; Fx: fornix. n=5. 
 
To reliably label only the neurons activated in the odor exposure episode, 
FDC mice were injected with an AAV vector carrying a Cre recombinase-dependent, 
fiberfilling TdTomato gene (Figure 11C). Two weeks after viral injection, animals were 
exposed to one of the predator odors and were anaesthetized and injected with TMP 
immediately after. Mice were then left undisturbed for 4 hours, for the drug to be 
cleared from the brain. Finally, ten days after TMP injection, animals were euthanized, 
and their brains were examined for TdTomato fluorescence. 
Our data show that we were able to accurately target the VMH during viral 
injections (Figure 11D). We focused our initial efforts in analyzing two main projection 
sites that receive inputs from the VMH, namely, the anterior hypothalamic nucleus 
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(AHN) and the periaqueductal gray (PAG), since they have been shown to directly 
influence different aspects of the defensive behavior response (WANG et al. 2015). 
Our results show that both of these sites are densely innervated ipsi-laterally by 
projections from VMH neurons activated by both odors tested (cat and snake) (Figure 
11D). 
However, a more thorough and detailed visual inspection of these sites 
suggests that the central region of the AHN, as well as the ventral region of the PAG, 
are more densely innervated in animals exposed to snake odor than in animals 
exposed to cat odor (Figure 11D). We are currently working on a strategy to quantify 
these subtle differences, by using the initial number of infected cells as a normalizer. 
We have also started looking at other regions known to receive projections from the 
VMH, such as the BNST and the MPOA (CANTERAS et al., 1994). As a control, FDC 
mice that went through the same protocol, but did not receive TMP injections, showed 
no TdTomato staining in any of the analyzed regions (not shown). 
 
4.3 Discussion 
In this study, we investigated the neural representation of odors which elicit 
instinctive behaviors important for the survival of the individual and the species 
(pheromones and kairomones). Using a combination of behavioral, genetic and brain 
activity analyses, we show here that a wide range of different odors activate specific 
nuclei in the mouse brain, and that the VMH is functionally involved in the circuit 
initiated at the VNO. Though the general involvement of the hypothalamus in 
processing olfactory information has been appreciated for some time (SWANSON, 
2000), its exact place in the neural mapping and representation of odors remained 
poorly characterized. We investigated the organization of activity in this area and, 
strikingly, found an unprecedented neural map of sensory information. 
 In the VMH, we found olfactory information to be represented according 
to the following rules: (a) each stimulus stereotypically activates an ensemble of 
neurons whose spatial location is concentrated in a circumscribed region of the 
nucleus; (b) different stimuli lead to diverging and spatially segregated ensembles of 
active neurons; this is similar to the organization of pheromone information in the lateral 
horn of the fly brain (FIŞEK; WILSON, 2013), and of taste information in the 
mammalian brain (CHEN et al., 2011). Thus, we conclude that the ventromedial 
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hypothalamus contains a site where olfactory sensory information related to instinctive 
behaviors is internally represented and mapped in the brain. 
A surprising feature of this map is that largely non-overlapping populations 
of cells represent odors that appear to have similar behavioral outputs (Figure 6). In 
this work, we have taken the first steps to try to hodologically and functionally 
characterize these distinct ensembles. Interestingly, VMH subpopulations activated by 
cat or snake odors (respectively found in the VMHdm and VMHc), though spatially 
segregated, express the same molecular marker, SF1. These results raise the very 
intriguing question as to why these neuron ensembles are spatially segregated, if their 
activation seems to induce the same behavioral output and their molecular identity is 
similar.  
One possibility is that the information related to cat or snake arrive already 
segregated from upstream nuclei, in which case the VMH would only maintain this 
pattern. This does not seem to be the case, however, because we have shown in our 
previous work that there seems to be no spatial separation of activity related to cat or 
snake odors (and other predator stimuli as well) in the immediately upstream brain 
nucleus, the amygdalar MeA nucleus (CARVALHO et al., 2015). It is also possible that 
the behaviors exhibited by the animal when exposed to the different predators, 
although all defensive in nature, are distinct enough that our limited and simplistic 
behavioral paradigm did not allow us to detect and discriminate between them.  
An alternative possibility is that the VMH map is dependent on the identity 
of receptors activated in the VNO, and we have begun testing this hypothesis. So far, 
our results seem to suggest that the differently located spatial ensembles of activated 
cells in the VMH are dictated by the repertoire of VR receptors expressed in the VSNs 
activated by each stimulus at the sensory interface. Though promising, these results 
still need further confirmation.  
We have also begun testing how the information represented in the VMH is 
sent to downstream nuclei in the brain, such as the AHN and the PAG. Our results 
indicate that ensembles of neurons activated by different predator odors (cat or snake) 
send projections to slightly different regions of the AHN and PAG, which may influence 
in nuances in the output behavior that we were not able to detect in our limited 
experimental setup. Unraveling how this map is formed and how the information is then 
sent to other brain regions will be paramount in understanding the neural circuits 
behind the detection and interpretation of pheromones/kairomones information and the 
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generation of instinctive behaviors. 
 
4.4 Methods 
Mice 
Animals were eight- to sixteen-week old male mice, unless otherwise noted. TrpC2+/+ 
and TrpC2-/- littermates were obtained from heterozygous mating couples, which were 
produced by backcrossing the TrpC2-/- knockout line (STOWERS et al., 2002) into the 
C57Bl6/J background for at least 10 generations. To ensure the identification of 
instinctive behaviors, animals had no previous exposure to odors from other animal 
species, and subjects exposed to conspecific chemosignals were kept individually 
caged for at least 4 days. All subjects were exposed to odor, monitored for behavior, 
and subsequently processed for immunostaining or in situ hybridization, ensuring that 
the cellular responses and behaviors were analyzed from the same individuals and no 
animals were re-used for behavioral analysis. All procedures were approved by the 
Institutional Animal Care and Use Committee. 
 
Stimuli  
In principle, olfactory stimuli should ideally be presented in the same form and amount, 
such as equal volumes of scented bedding. However, because home cage bedding 
may contain noxious compounds from feces or urine, we decided to use gauze scented 
with bodily secretions (urine, skin secretions) or bodily sheddings (feathers, fur, skin) 
whenever possible. Table S1 of the paper presented in chapter 1 shows a complete 
list of stimuli and collection methods. Cat-scented gauze was obtained by rubbing a 
medical gauze against the fur of a domestic cat, particularly around the neck region, 
which is constantly licked by the subject (see also PAPES et al., 2010). Shaved cat fur 
(1g) was also used in some experiments. Fifty mililiters of scented bedding (fine wood 
chips) were used for leopard cat, mountain lion, african lion, tarantula spider, rat, and 
male and female mice.  Alternatively, rat urine was used in some experiments by 
placing 1 ml of urine on pieces of medical gauze. For all stimuli deposited on gauzes, 
the gauze was unscented in a dessicator under vaccum overnight before adding the 
stimulus. For each snake species, we used 1g of stimulus (around four 5x5 cm pieces 
of shed skin). Avian predator stimuli (hawk and owl) were 1g of feathers, cut in small 
pieces. All stimuli (solid or liquid deposited on gauze) were attached to ‘binder clips’ to 
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visually confirm their position and prevent the spreading of stimuli in the cage. Control 
mice were exposed to unscented control odors. For Mup protein exposures, gauze was 
scented with 10 mg of recombinant protein (as fusion with maltose-binding protein, 
MBP), and gauze scented with MBP alone was used as control. 
 
Recombinant Mup protein expression 
The cDNA for rat major urinary protein, Mup13 (LOGAN et al., 2008), was amplified by 
PCR from a Sprague Dawley liver sample using oligonucleotides 5’ 
ATCGGATCCCATGCAGAAGAAGCTAGTTCCACAAGAG 3’ and 5’ 
ATCAAGCTTTCATCCTCGGGCCTGGAGACAG 3’. The amplicon was cloned into 
pMAL-c2x bacterial expression vector (New England Biolabs) into BamHI and EcoRI 
restriction sites, and expressed as a fusion protein with Maltose Binding Protein, 
following the manufacturer’s recommendations. Protein was eluted from an amylose 
affinity resin using maltose and then exchanged into 1x PBS using a YM10 column 
prior to exposures. Recombinant MBP was used as a control. The same procedure 
was applied for production of the recombinant cat Mup, except that the corresponding 
cDNA was synthesized in vitro based on the published sequence of Fel-d-4 (cat Mup; 
Genbank accession number NM_001009233) (SMITH et al., 2004), and for the mouse 
Mups (nomenclature following LOGAN et al. 2008).  
 
Immunostainings  
For brain activity analyses, the expression of the surrogate marker of neuronal activity 
c-Fos was assayed by immunostaining. Each animal was individually caged and 
habituated to the procedure room where the exposures were conducted for 2h on two 
consecutive days, in the dark. On the third day, each cage was brought to the 
procedure room and the stimulus was introduced in the animal’s home cage on the 
side opposite to the air inlet. Each animal was exposed for 30 minutes, at which time 
the stimulus was removed from the cage; the subject remained in the dark without 
further stimulation for an additional period of 60 min, after which it was quickly 
euthanized and dissected to remove the brain. Brains were fixed overnight in 4% 
paraformaldehyde, equilibrated in 20% sucrose/1X PBS and sectioned on a Leica 
1000S vibrating-blade microtome. Fifty micrometer coronal sections were collected for 
the entire brain, and suitable sections were chosen for subsequent immunostaining 
based on comparisons to a reference brain atlas (Paxinos and Franklin 2001). Sections 
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were blocked as free-floating sections for 1 hr with 1% blocking reagent (Invitrogen), 
preincubated in 1% BSA/1x PBS/0.3% Triton X-100, followed by incubation with the 
antibody diluted in 1% BSA/1x PBS/0.3% Triton X-100 for 36 hr at 4oC under gentle 
agitation. Sections were washed three times in 1xPBS/0.1% Triton X-100, 15 min each, 
and incubated for 3 hr at room temperature with Alexa dyes-conjugated secondary 
antibodies (Invitrogen) diluted in 1% BSA/1x PBS/0.3% Triton X-100. After two washes 
in 1x PBS/0.1% Triton X-100, 15 min each, sections were counterstained with To-Pro-
3 nuclear stain (Invitrogen) diluted 1:1000 in 1x PBS, washed twice in 1x PBS, 15 min 
each, and mounted onto glass microscope slides with ProLong Gold (Invitrogen). Dry 
mounted sections were imaged on a Leica TCS SP5 confocal fluorescence 
microscope. The number of c-Fos positive nuclei was counted blindly for each 
individual. After image acquisition, the nuclear stain channel was computationally 
false-colored as purple, to facilitate contrast with the green fluorescence channel (c-
Fos).  The following primary antibodies were used: rabbit anti-Esr1 (Santa Cruz 
Biotechnology, sc-542, 1:200), rabbit anti-c-fos (Millipore, Ab5, 1:1500), goat anti-c-
Fos (Santa Cruz Biotechnology, sc52-g, 1:500), rabbit anti-c-Fos (Santa Cruz 
Biotechnology, sc52, 1:500), rabbit anti-SF1 (TransGenic, KO611, 1:200), rabbit anti-
SF1 (EMD Millipore, 07-618, 1:200). 
 
RNA in situ hybridization 
For VNO activity analyses, expression of the surrogate marker of vomeronasal neuron 
activity egr1 (ISOGAI et al., 2011) was used. Animals were exposed to stimulus for 
45min, sacrificed and the VNOs immediately collected, immersed in 4% 
paraformaldehyde fixative overnight, equilibrated in sucrose and sectioned on a 
cryostat (Leica) to produce 16μm transversal sections. Slides were air-dried for 10min, 
followed by fixation with 4% paraformaldehyde for 20min, and treatment with 0.1M HCl 
for 10min, with 0.1% H2O2 for 30min and with 250mL of 0.1M triethanolamine (pH 8.0) 
containing 1mL of acetic anhydride for 10min, with gentle stirring. Slides were always 
washed twice in 1x PBS between incubations. Hybridization was then performed with 
DNP (1μg/mL) or DIG (600 ng/mL) labeled cRNA probes (ISOGAI et al., 2011) at 58◦
C in hybridization solution (50% formamide, 10% dextran sulfate, 600mM NaCl, 
200μg/ml yeast tRNA, 0.25% SDS, 10mM Tris-HCl pH8.0, 1x Denhardt’s solution, 
1mM EDTA pH 8.0) for 16 h. Slides were washed once in 2x SSC, once in 0.2x SSC 
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and once in 0.1x SSC at 60oC (30, 20, and 20min, respectively), followed by a quick 
incubation in 0.1x SSC at room temperature. Slides were then permeabilized in 1x 
PBS, 0.1% Tween-20 for 10min, and washed twice in TN buffer (100mM Tris-HCl pH 
7.5, 150mM NaCl) for 5min at room temperature, followed by blocking in TNB buffer 
[100mM Tris-HCl pH 7.5, 150mM NaCl, 0.05% blocking reagent (Perkin Elmer)], and 
incubation with rabbit anti-DNP (Invitrogen) primary antibody diluted 1:600 in TNB 
buffer overnight at 4oC. Signal development proceeded with the tyramide signal 
amplification kit (Perkin Elmer), following the manufacturer’s instructions. Briefly, slides 
were incubated in tyramide-biotin [1:50 in amplification diluent with 0.0015% H2O2 
(Perkin Elmer)] for 15min, followed by incubation in streptavidin-HRP (1:100 in TNB) 
for 1 h, followed by incubation in tyramide-Alexa Fluor 546 [1:100 in amplification 
diluent (Life Technologies) with 0.0015% H2O2] for 15min. Prior to each incubation, 
slides were washed 6 times with TNT buffer for 5min under mild agitation. Sections 
were then treated with 3% H2O2 in 1x PBS for 1 h to block peroxidases from the first 
signal development. Slides were then blocked in TNB for 90min, followed by incubation 
overnight at 4oC with anti-DIG-POD (Roche) diluted in TNB 1:400). Signal development 
was performed using tyramide- Alexa Fluor 488 dye (Invitrogen). Samples were 
counter-stained with To-Pro 3 nuclear stain (Invitrogen) diluted 1:1000 in 1x PBS, 
washed twice in 1x PBS and mounted with ProLong Gold (Invitrogen). Dry mounted 
sections were imaged on a Leica TCS SP5 confocal fluorescence microscope. 
 
Dual immunostaining / in situ hybridization 
We developed a dual staining protocol to parse out, in the same animal, the sets of 
active neurons related to two sequential exposure events separated by a period with 
no stimulation. In brief, mice were first exposed to a stimulus, then transferred back to 
their own soiled home cages for some time, followed by a second exposure to stimulus. 
Brains were then subjected to a dual immunostaining/ hybridization protocol to 
detect immature nuclear c-fos mRNA derived from the second exposure period, 
concomitant with the detection of nuclear c-Fos protein resulting from the first exposure 
period. Specifically, animals were individually caged in Cage #1 and habituated in the 
dark for 90min per day on the previous 2 days before the exposure. The habituation 
protocol guarantees that the animals are exposed to olfactory stimuli in a context 
relevant to the generation of behaviors. On the exposure day, half of the soiled bedding 
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from the animal’s cage was transferred to another cage (Cage #2). The first exposure 
to olfactory stimulus was performed in Cage #1 for 20min, and the animals were then 
transferred to Cage #2 for 60min without olfactory stimulation. They were then 
transferred back to Cage #1 for a second period of olfactory stimulation for 20min 
(same or different stimulus). All of these steps were conducted in the dark. At the end 
of the exposures, animals were anesthetized with ketamine/xylazine, and quickly 
perfused with 4% paraformaldehyde fixative. Brains were further fixed overnight with 
RNAse-free fixative and equilibrated in RNase-free 20% sucrose. Forty micrometer 
sections were collected on a VT100S vibratome (Leica) in 1x PBS-DEPC. Chosen 
sections encompassing the MeA were subjected to a new method for the combined 
detection of mRNA and protein, as follows. Pre-treatment of sections and probe 
hybridization: Free-floating sections were fixed with 4% paraformaldehyde for 20min, 
permeabilized in 0.2M HCl/H2ODEPC for 10min, incubated in 0.1% H2O2/1x PBS-
DEPC to inactivate endogenous peroxidases for 30min and acetylated in 0.1M 
Triethanolamine-HCl pH 8.0 with acetic anhydride for 10min. Sections were then 
incubated in hybridization solution containing 400 ng/mL of each of two 1 kb 
digoxigenin-labeled cRNA probes in a 5x SSC humidified chamber for 16 h, at 58–60◦
C. Probes correspond to two fragments of the c-fos mRNA (fragments were obtained 
by reverse transcription-PCR using the following oligonucleotides: Probe 1: 5′ 
CAGCGAGCAACTGAGAAGAC 3′ and 5′ GCTGCATAGAAGGAACCGGAC 3′; Probe 
2: 5′ GGAGCCAGTCAAGAGCATCAG 3′ and 5′ AATGAACATTGACGCTGAAGGAC 
3´). Hybridization solution also contained 50% deionized formamide, 600mM NaCl, 
200μg/mL yeast tRNA, 0.25% SDS, 10mM Tris-HCl pH 8.0, 1x Denhardt’s solution, 
1mM EDTA pH 8.0 and 10% dextran sulfate. Washes and antibody incubation:
Sections were washed in 2x, 0.2x, and 0.1x SSC solutions (20min each), 
permeabilized in 0.1% Tween 20/1x PBS and blocked in 100mM Tris-HCl/150mM 
NaCl/0.5% Blocking Reagent (Perkin Elmer). Next, sections were incubated with 
alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche; 1:400) for 2 
nights, at 4oC. Signal amplification and immunostaining Sections were incubated in 
tyramide-biotin (Perkin Elmer; 1:50) in amplification diluent containing 0.0015% H2O2, 
then incubated with horseradish peroxidase-conjugated streptavidin (Perkin Elmer; 
1:100) in 100mM Tris-HCl/150mM NaCl/0.5% Blocking Reagent, and finally incubated 
in Alexa Fluor 546-tyramide (Invitrogen; 1:100) in amplification diluent containing 
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0.0015% H2O2. Peroxidase from the first signal was inactivated by treatment with 3% 
hydrogen peroxide for 30min and 0.1 HCl for 10min, prior to blocking and anti-c-Fos 
primary antibody (Ab5; Millipore) incubation in regular c-Fos immunostaining as 
detailed before. Nuclear counterstaining was performed with To-Pro-3 (Invitrogen; 
1:1000) and sections were mounted on glass slides with ProLong Gold anti-fade 
reagent (Invitrogen) and imaged on a Leica TCS SP5 confocal microscope.  
Since time elapsing between the two episodes of stimulation is sufficiently 
long in our protocol, this strategy enabled us to parse out the activation profiles derived 
from both stimulations with great precision, such that c-fos mRNA is indicative of 
activation during the last exposure and c-Fos protein is indicative of the first exposure. 
This method was based on the catFISH procedure (GUZOWSKI; WORLEY, 2001; 
GUZOWSKI et al., 1999; LIN et al., 2011). However, our method enables better 
resolution in the assignment of brain activity resulting from each of two consecutive 
olfactory stimulations, because the two exposure episodes are separated by a longer 
time period (1 h). Moreover, because the c-fos gene encodes a transcription factor, the 
co-detection of its mRNA and protein inside the same subcellular compartment 
(nucleus) makes it unequivocal to determine if the cell produced mRNA, protein or 
both. 
 
FDC mice 
FDC strain was generated in Dr. Lisa Stowers' lab. Animals were group housed in 
ventilated cages in a temperature-controlled environment (23 °C), at humidity between 
30 and 70%, with a 12-h light and 12-h dark cycle. Mice had ad libitum access to food 
and water. Mouse cages were changed weekly. 
 
Virus 
Viral vector was produced in the lab following standard protocol. Briefly, AAV293 cells 
(CellBiolabs) (cultured in DMEM with FBS, Pen/Strep and Glutamate) were split into 
ten 15 cm circular tissue culture dishes and were grown until ~60-70% confluence. On 
the transfection day, cells were placed in fresh DMEM. A mixture containing 17.5 pmol 
of each of the transfections plasmids (pHelper, pDJ and pAAV; 1:1:1 molar ratio) was 
dissolved in 500μL of MEM (without FBS). 750μL of polyethilenimine were slowly 
added to the mixture, which was then thoroughly vortexed and incubated for 15 min at 
room temperature. Warm MEM was added to the mixture to a final volume of 5mL and 
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1mL of this solution was added dropwise to each plate. Cells were then incubated at 
37oC, 5% CO2, for 48-72 hours. After this incubation, media was removed and 10mL 
of warm DPBS (Gibco 14190) was added. Cells were then gently scraped and triturated 
for detachment. They were added to 50mL conicals and were pelleted at 800g for 
10min. Supernatant was discarded and the pellet was ressuspended in 150mM NaCl, 
20mM Tris HCl (pH 8.0). Sodium deoxycholate was added to a final concentration of 
0.5% and benzoase nuclease was added to a final concentration of 50 units/mL, and 
this mixture was incubated at 37oC for 1 hour. Cellular debris was then removed by 
centrifugation and the supernatant was collected and frozen overnight. Another cycle 
of cell debris removal was performed and the viral particles were purified using HiTrap 
heparin column (GE). After purification, the viral vector was concentrated in Amicon 
ultra-4 centrifuge with a 100000 molecular weight cutoff. Vectors were titrated by qPCR 
and were at final concentrations ~1011-1012 gc/mL. 
 
Stereotaxic surgery 
Adult FDC mice at ages between 2 to 4 months (sexually inexperienced) were 
anaesthetized with isoflurane (0.8–5%) and placed in a stereotaxic frame (David Kopf 
Instruments). FDC mice were injected with an AAV1.CAG.flex.TdTomato.WPRE.rBG 
viral vector in one hemisphere to target the VMH, using a pulled glass capillary by 
microinjection (Picospritzer) at a flow rate of 30 nl min−1.. Stereotactic injection 
coordinates to target the VMH were obtained from the Paxinos and Franklin atlas (AP: 
−1.45, ML: ± 0.68, DV: −5.75 mm). The virus-injected animals were housed individually 
during a 2 week recovery period. 
 
FDC exposure and tracing 
Two weeks after virus injection, animals were exposed to either cat or snake odor for 
30 min. Immediately after exposure, mice were anaesthetized with isoflurane and 
injected with 100μg/g of TMP. Mice were then left undisturbed for at least 4 hours. After 
10 days, animals were euthanized and their brains were collected for histology. 
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5. General discussion 
Each chapter in this thesis presents a research article: chapter 1 presents 
a published article (Frontiers in Neuroscience), and chapter 2 is a manuscript in 
preparation to be submitted for publication. Each article has in-depth discussion of 
results presented. In the current section, a broader and binding discussion will be 
presented, highlighting the most important findings and the relevance of the work 
developed during this thesis project.  
In the present study, we sought to determine how different olfactory stimuli 
detected by the VNO are represented in the brain. We specifically sought to determine 
whether organized maps of sensory information relayed by the AOS were formed. We 
began our work by determining how brain nuclei connected to the VNO-AOB system 
responded to a wide range of odors capable of inducing instinctive behaviors. We 
found the brain to be exquisitely tuned to respond to predator odors, and vastly 
increased the list of predator odors known to cause defensive responses in mice 
(Figure 1 in paper in chapter 1; Figure 4, chapter 2). Furthermore, we showed that the 
increased activity in amygdalar and hypothalamic nuclei upon detection of predator 
and conspecific odors is dependent on a functional VNO (Figure 5 in paper in chapter 
1; Figure 4, chapter 2). This further highlights the importance of the vomeronasal 
system in controlling instinctive responses to odors. We also tested different purified 
ligands (rMUPs) capable of inducing behaviors (Chamero et al. 2007; Papes et al. 
2010), and showed that they activate the same amygdalar and hypothalamic nuclei 
and that this activity is also VNO-dependent (Figure 3 in paper in chapter 1; Figure 5, 
chapter 2). This increases our understanding of the representation of 
pheromones/kairomones in the brain, and will be important in understanding the neural 
substrates that govern instinctive behaviors. 
It has been known for some time that both the amygdala and the 
hypothalamus are important stations in the processing of olfactory cues (SWANSON, 
2000). However, little was known about how these olfactory cues were spatially 
represented in these nuclei. Studies suggested that the MeA is divided in ‘social’ and 
‘predator defensive’ sectors (SWANSON, 2000; CHOI et al., 2005). In this study, our 
use of a wide selection of heterospecific and conspecific signals and of potent stimuli 
from several species enabled us to conclude that active cells related to most stimuli 
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are in fact distributed throughout the MeA, with no apparent spatial organization 
(Figures 6 and 8 in paper in chapter 1), putting into question the proposed division of 
the MeA in dorsal/reproductive and ventral/defensive sectors.  
Moreover, we show that different VNO stimuli activate intermingled 
ensembles of cells in the MeA, without gross spatial segregation. Interestingly, this 
distributive organization resembles the piriform cortex, where volatile odorants 
detected by the main olfactory epithelium are internally represented by distributed 
ensembles of active neurons, without any discernible spatial organization, irrespective 
of the stimulus’ chemical nature, concentration or valence (STETTLER; AXEL, 2009). 
Curiously, the cortical amygdala, which also receives olfactory information collected by 
the main olfactory epithelium, seems to be organized in a spatially segregated fashion 
(MIYAMICHI et al., 2011; SOSULSKI et al., 2011). In the future, it will be interesting to 
know if odors detected by the main olfactory epithelium, which may include 
pheromones, are represented in a spatially segregated manner in the cortical 
amygdala, and, if so, why their representation is different from the representation of 
pheromones/kairomones in the MeA. 
Importantly, we observed the formation of a neural map in the ventromedial 
hypothalamus, where different stimuli are represented in segregated regions of the 
VMH nucleus (Figure 6, chapter 2). This is the first description of a discernible spatial 
neural map for VNO detected stimuli in higher brain structures. Moreover, we found 
that the VMHc, a previously little characterized region, is activated by different predator 
odors. Furthermore, we observed that predator odors represented in both the VMHdm 
and VMHc appear to activate mainly the SF1+ population of VMH neurons (Figure 8, 
chapter 2). These findings are in accordance with the idea that activation of these cells 
elicits defensive behaviors (KUNWAR et al., 2015; WANG; CHEN; LIN, 2015). It is also 
worth noting that predator odors did not activate Esr1+ cells in the VMHvl, which are 
activated by conspecific odors (CHOI et al., 2005), resulting in a clear division in the 
VMH between these stimuli. It will be interesting to analyze the molecular identity of 
cells activated by pheromone ESP1, which seems to be represented in the VMHc 
(HAGA et al., 2010). If they activate the SF1- population in the VMHc, there would be 
another layer of complexity to the representation of stimuli in the VMH.  
The exact meaning of a sensory map in the limbic system remains to be 
determined, but its existence is in agreement with the idea that the AOS controls mainly 
instinctive behaviors, and thus it is believed that stimuli detected by this system induce 
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genetically encoded responses that activate ´hard-wired´ neural circuits.  
These results bring into question whether the current proposed model of the 
MeA/VMH circuitry (CHOI et al., 2005; LIN et al., 2011; SILVA et al., 2013; SWANSON, 
2000) does reflect its actual organization. This model proposes there is a circuit 
encompassing the MeApd and VMHvl that is involved in different social responses 
(reproductive and defense against an aggressive conspecific), while a second circuit 
encompassing the MeApv and VMHdm is involved in predator defense. Our results 
however indicate that odors from predators can activate cells in the MeApd as well as 
the previously uncharacterized VMHc. This is in accordance with recent 
electrophysiological data showing that cells in the MeApd can be activated by predator 
odors, albeit less strongly (BERGAN; BEN-SHAUL; DULAC, 2014). We also observed 
cells in the MeApv activated by conspecific cues. Interestingly, it has recently been 
shown that a juvenile pheromone (ESP22) activates neurons in the MeApv as well 
(FERRERO et al., 2013). It will be interesting to see where ESP22 is represented in 
the VMH, and if its representation resembles that of ESP1, which seemingly activates 
neurons mainly in the VMHc (HAGA et al., 2010). Taken together, these data indicate 
there may be intricate details in the organization of the MeA/VMH circuitry that have 
not yet been explored. 
In the future, it will be interesting to know the organizational principles 
behind formation of the VMH map. An interesting possibility is that this map reflects 
behavioral outputs, which would be in accordance with the current proposed models 
of limbic system circuit organization (CHOI et al., 2005; LIN et al., 2011; SILVA et al., 
2013; SWANSON, 2000). Our current data seem to suggest otherwise, because stimuli 
that induce undistinguishable behaviors are represented by distinctly localized groups 
of VMH cells, but our experimental setup is not sufficient to observe small nuances in 
the output behavior that could be different when each neuronal ensemble is active. 
Current advances in behavioral tracking and scoring (WILTSCHKO et al., 2015) are 
likely to be sufficient to detect these nuances in behavior and show whether stimuli 
represented in distinct regions are producing different behavioral outputs or not. 
An alternative, and equally plausible, hypothesis is that the neural map in 
the VMH reflects the identity of the molecular sensory receptors activated in the VNO. 
To test this, we analyzed which receptors are activated by different odors by data-
mining the results produced by Isogai and collaborators (ISOGAI et al., 2011). To our 
surprise, there seems to be a positive correlation between the V2Rs activated in the 
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VNO and the positioning of the ensemble of neurons activated in the VMH (Figure 10, 
chapter 2). We have already begun experiments needed to further confirm this 
hypothesis. If this hypothesis is supported by the data, we can conclude that the VMH 
houses a sensory map of olfactory information, opening a new set of interesting 
questions. 
First, it could be that the representation of active receptors could actually 
mean that this system is discriminating between different stimuli. This would be in 
agreement with the idea that VRs are finely tuned to detect specific ligands (HOLY, 
2000; LEINDERS-ZUFALL et al., 2000). Another possibility is that different VRs are 
associated with parallel pathways that begin in the VNO and separately send 
information into the brain. This could eventually lead to specific output behaviors to the 
distinct cues that bind these receptors. If this map is in fact related to V2R activated in 
the VNO and the V2Rs do in fact relay information about the identity of an animal 
(ISOGAI et al., 2011), this map could ultimately represent this information. 
Furthermore, it raises the interesting possibility that V1Rs might also form some kind 
of map to represent the physiological status of an animal.   
It is also worth exploring the role of a possible sensory map in the 
hypothalamus. It has recently been proposed that the VMHdm encodes an internal 
emotional state of fear (KUNWAR et al., 2015; SILVA et al., 2016) and that this nucleus 
is required for predator fear memory formation and retrieval (SILVA et al., 2016). In 
this context, systematically representing different streams of information in the VMH 
could be advantageous for proper behavioral responses and for the generation of an 
emotional state, not just when the stimulus is first presented to the animal but also in 
future encounters with the same stimulus source (a predator, for example).  
Another question raised by the existence of this map is how it is read to 
generate appropriate behaviors. A plausible hypothesis is that distinctly localized sets 
of VMH neurons have differing projection patterns to downstream effector nuclei. In 
order to understand this issue, we began tracing experiments to verify whether distinct 
ensembles of VMH neurons activated by different stimuli project their axons to distinct 
downstream regions in the brain. This is also a work in progress and will need further 
confirmatory experiments, but it seems that neurons activated by different odors send 
projections to slightly different regions of downstream nuclei, such as the PAG, known 
to be involved in generating the motor events in response to sensory stimulation. If 
these findings prove correct, it will be interesting to evaluate if there are in fact nuances 
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in the behavioral output to different predator odors that we were not able to observe in 
our setup.  
Finally, a puzzling question raised by the existence of this map concerns 
the circuitry as a whole. Although a clear spatial map is formed in the VMH, our 
experiments show no discernible patterns of spatial organization in the region 
immediately upstream, the MeA. How does information that appeared distributive and 
without a discernible pattern of organization in the MeA arrive segregated and 
systematically organized in the VMH? A possibility is that there is some sort of 
organization in the amygdala that we were not able to capture in our experiments. For 
example, different activated ensembles in the amygdala, though interspersed, could 
eventually compose parallel pathways that project to the hypothalamus. Novel markers 
would have to be analyzed to determine whether this is the case. 
In the future, it will also be important to perform functional experiments on 
the VMH neurons to better understand the role these cells play in behavioral control. 
By combining the FDC strain, with chemo- or optogenetics tools, we will be able to 
understand how each neuron ensemble contributes to the elicited behaviors. A 
possible experiment is injecting the VMH of FDC mice with a viral vector containing a 
floxed channelrhodopsin. After a rest period, these animals can be injected with TMP 
to stabilize Cre recombinase expression followed by immediate exposure to predator 
or conspecific odor. This will incur in channelrhodopsin expression solely on neurons 
activated by a specific predator odor. These animals can then be subjected to VMH 
photostimulation and careful behavior scoring. Conversely, instead of injecting mice 
with channelrhodopsin, they can be injected with a viral vector containing hM4Di, an 
inhibitory DREADD (designer receptor exclusively activated by designer drug) 
(URBAN; ROTH, 2015). These animals can then be treated with CNO, which binds 
hM4Di, culminating in neuronal hyperpolarization and consequently in neuronal 
silencing (reviwed in URBAN; ROTH, 2015). These animals can then be exposed to 
different odors and their behavioral outputs recorded. These functional experiments 
will be paramount in unraveling the role that different ensembles of hypothalamic 
neurons play in the control of instinctive behaviors. Furthermore, they can be used in 
combination with behavior tracking tools (WILTSCHKO et al., 2015) to observe 
whether activation of distinct ensembles of VMH neurons leads to slightly different 
behavior outputs. 
In summary, our work presents a new model for the organization of the brain 
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regions related to the detection of odors by the VNO. It is also the first description of a 
sensory map for the representation of stimuli detected by the VNO. These data will be 
key to understanding the neural networks that govern instinctive behaviors. 
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7. Appendix I 
Detection of pup odors by non-canonical adult vomeronasal 
neurons expressing an odorant receptor gene is influenced by sex 
and parenting status 
 
Paper presentation: this annex contains the paper “Detection of pup odors by non-
canonical adult vomeronasal neurons expressing an odorant receptor gene is 
influenced by sex and parenting status” published in the journal BMC Biology in 2016, 
which I participated in as one of the authors. In this paper, we describe a new class of 
vomeronasal sensory neurons that express an OR, Olfr692. Interestingly, this 
expression is sexually dimorphic, with females showing few Olfr692+ cells. 
Surprisingly, this neuronal population is activated by pup odors in virgin males which 
exhibit infanticide behavior, but in parenting males, this activity is greatly diminished. 
This is the one of first descriptions of a sensory neuronal population whose activity is 
sexually dimorphic and dependent on social status. My contribution to this work was 
mainly helping in the FISH experiments to synthesize and validate the V2R probes.  
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Abstract
Background: Olfaction is a fundamental sense through which most animals perceive the external world. The
olfactory system detects odors via specialized sensory organs such as the main olfactory epithelium and the
vomeronasal organ. Sensory neurons in these organs use G-protein coupled receptors to detect chemosensory
stimuli. The odorant receptor (OR) family is expressed in sensory neurons of the main olfactory epithelium, while
the adult vomeronasal organ is thought to express other types of receptors.
Results: Here, we describe Olfr692, a member of the OR gene family identified by next-generation RNA sequencing,
which is highly upregulated and non-canonically expressed in the vomeronasal organ. We show that neurons
expressing this gene are activated by odors emanating from pups. Surprisingly, activity in Olfr692-positive cells is
sexually dimorphic, being very low in females. Our results also show that juvenile odors activate a large number of
Olfr692 vomeronasal neurons in virgin males, which is correlated with the display of infanticide behavior. . In
contrast, activity substantially decreases in parenting males (fathers), where infanticidal aggressive behavior is not
frequently observed.
Conclusions: Our results describe, for the first time, a sensory neural population with a specific molecular identity
involved in the detection of pup odors. Moreover, it is one of the first reports of a group of sensory neurons the
activity of which is sexually dimorphic and depends on social status. Our data suggest that the Olfr692 population is
involved in mediating pup-oriented behaviors in mice.
Keywords: Olfaction, Odorant receptor, Pup odors, Sexual dimorphism, Social behavior, Vomeronasal organ
Background
One of the fundamental properties of the nervous system
in all animal species is its ability to detect and interpret
sensory information. Most mammals use olfaction to
detect the presence and quality of food, predators, com-
petitors, and potential mates. The olfactory system of
mammals evolved several subsystems in the nasal cavity,
each with its own sensory organ, molecular receptors, and
pathways in the brain [1]. The main olfactory epithelium
(MOE), regarded as the site of detection for volatile odor-
ants, harbors olfactory sensory neurons (OSNs). Each
OSN canonically expresses one gene in the large odorant
receptor (OR) gene family [2–5].
Besides the MOE, detection of olfactory stimuli is also
accomplished by a second sensory structure in the nose,
the vomeronasal organ (VNO) [1, 6]. The VNO has been
extensively implicated in the mediation of a range of in-
stinctive responses triggered by intra- and interspecies
olfactory cues [7], such as male-male aggression [8],
mating and gender discrimination [9–11], the inhibition
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of juvenile-oriented sexual behavior [12], female lordosis
sexual behavior [13], and defensive behavior towards
predators [14]. VNO sensory neurons (VSNs) express re-
ceptors in the V1R [15] or V2R [16–18] families of
vomeronasal receptors (VRs) and in the formyl-peptide
receptor family [19].
Here, we used a combination of next-generation se-
quencing, molecular biology, and histochemical analyses
to show that a gene coding for a receptor in the OR
family is highly expressed in a defined and non-
canonical subpopulation of adult VNO cells, character-
ized by the expression of a unique set of molecular
markers. We also show that cells expressing this recep-
tor gene, though not responsive to most known intra-
and interspecies VNO stimuli, are activated by scents
from pups. Moreover, this subpopulation is robustly acti-
vated in virgin males, whereas activation is low in fa-
thers, virgin females, and mothers. These results indicate
that activity in such pup odor-responsive VNO neurons
is sexually dimorphic and depends on the animal’s social
status, suggesting that they may mediate pup-oriented
behaviors in adult mice.
Results
Deep sequencing and quantitative PCR reveal high level
expression of Olfr692, an odorant receptor family gene, in
the adult VNO
A subset of VSNs from adult mice has been shown to de-
tect volatile odorants [20], ligands usually associated with
OSNs and OR receptors in the MOE [7]. Thus, it is con-
ceivable that some VNO cells may express OR receptors.
To investigate the expression of ORs in the adult VNO,
we mined Illumina next-generation deep RNA sequencing
data from adult VNO samples (initial description and val-
idation of these libraries can be found in [21]).
We found that seven OR genes had mean fragments
per kilobase of exon sequence per million fragments
(FPKM) values higher than 1.0 in the VNO (Fig. 1a).
Interestingly, only one of these genes, Olfr692, stands
out as being expressed at much higher levels in the
VNO (Fig. 1a) than in the MOE (Fig. 1b,e), where OR
genes are canonically expressed. The remaining six OR
genes are either expressed at equivalent levels in the
MOE and VNO or have much higher expression in the
MOE (Fig. 1a,b,e).
Moreover, the expression of Olfr692 is singularly high
in the VNO RNA sequencing libraries, with FPKM
values comparable to canonically expressed VR genes in
the V1R and V2R families, such as Vmn2r118 (V2R fam-
ily) and Vmn1r188 (V1R family) (Fig. 1a). Olfr692 ex-
pression stands out as being higher than the expression
of 419 VRs, with only 114 VRs expressed more abun-
dantly (Fig. 1f ). Moreover, the expression of Olfr692 is
13 times higher than the median VR expression and 1.3
times greater than the mean VR expression. Together,
these data suggest that the expression of Olfr692 is sig-
nificantly high and appreciable in the VNO.
The expression of two other OR genes, Olfr124 and
Olfr1509, is also high in the VNO libraries (Fig. 1a,e),
but these genes are known to be expressed in another
chemosensory structure in the nasal cavity, the Septal
Organ of Masera (SOM), at very high levels (>50 % and
>12 % of SOM cells, respectively) [22]. Because the
VNO libraries we used for RNA sequencing were made
from whole VNO preparations, including not only the
sensory epithelium, but also progenitor and non-neural
supporting cells, underlying glandular tissue, blood ves-
sels, and the lower part of the nasal septum [21], it is
possible that a limited fraction of SOM cells may have
been included in the RNA used to construct our VNO
libraries. This may account for the high FPKM values of
some OR genes in the VNO, including Olfr124 and
Olfr1509.
Therefore, we performed real-time qPCR to validate
the expression of OR genes found in the RNA seq VNO
libraries and to assess if they are expressed in the vomer-
onasal neuroepithelium (Fig. 1g). In this experiment, we
analyzed the expression of each of the seven OR genes,
comparing a whole VNO prep sample versus a finely
dissected VNO epithelium sample. We exercised extra
caution during fine dissection of the VNO to avoid con-
tamination with SOM cells in the nasal septum. When a
whole VNO sample was under analysis, all seven most
highly expressed OR genes in the RNA seq libraries had
qPCR expression levels that matched their expression
abundance in the RNA sequencing experiments (Fig. 1g).
In contrast, when we analyzed the expression of such
genes in the finely dissected VNO sample, only Olfr692
had a significantly high relative abundance in the VNO
epithelium (Fig. 1g). The expression of the remaining
OR genes, Olfr124, Olfr1509, Olfr1264, Olfr1512, Olfr78,
and the pseudogene Olfr1372, was absent or very low in
the VNO epithelium (Fig. 1g).
Together, our RNA sequencing and qPCR data suggest
that a few OR genes, notably Olfr692, are expressed in
the adult VNO neuroepithelium.
Olfr692 is highly and uniquely expressed in the adult VNO
Out of the seven OR genes expressed in the VNO RNA
seq libraries, only Olfr78, which is expressed at much
lower levels than Olfr692 according to the qPCR data
(Fig. 1g), has been previously investigated [23]. Its ex-
pression, along with that of a few other OR genes, was
reported to be almost absent in the adult VNO, being
virtually restricted to the young, where a small subset of
OR genes is expressed by few VNO cells [23]. Therefore,
we decided to investigate whether the OR genes identi-
fied in our adult VNO RNA sequencing libraries are also
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expressed in newborn mice. We dissected whole VNOs
from P0.5 animals and pooled three to four individuals
to construct libraries for RNA sequencing. Most recep-
tors are expressed at reduced levels in VNOs from P0.5
animals (Fig. 1c). Nonetheless, the expression levels
across the whole newborn receptor repertoire are corre-
lated with the expression levels in the adult (rho = 0.67,
P <2.2 × 10-16), suggesting that the distribution observed
in adults has already started to be shaped at an early
stage. In newborns, we observed expression of the seven
ORs previously identified in adults (Fig. 1c).
Notably, however, the Olfr692 gene stands out again
due to its significantly lower expression in newborns as
compared to adults (Fig. 1a,c): for most OR genes, the
expression in the adult VNO libraries is up to three
times higher than the expression in newborns, but
Olfr692 is exceptional in that its FPKM value in the
adult is 26 times greater than in the newborn RNA seq
library (Fig. 1a,c). These data show that the Olfr692 gene
is differentially expressed in the adult VNO and suggest
that this differential expression is much more prominent
for this gene than for all other olfactory receptor genes
expressed in the vomeronasal system.
Olfr692 is uniquely expressed in a defined subpopulation
of adult VNO neurons
To investigate the spatial localization of cells expressing
OR genes and to confirm which of them are expressed in
the VNO sensory epithelium, we performed chromogenic
and fluorescent in situ hybridization (ISH) experiments on
cryostat VNO sections, using probes specifically designed
to discriminate with great accuracy among the closely re-
lated genes in the OR family.
Olfr692, the OR gene with the highest expression in
the VNO according to the real-time PCR experiments
(Fig. 1g), had its expression consistently confirmed in the
VNO by ISH: we found Olfr692-positive staining in a de-
fined subpopulation of cells (Fig. 2a,c) sparsely distributed
within the neuroepithelium in sections across the anterior-
posterior axis (the epithelium is evidenced by the expres-
sion of Olfactory Marker Protein gene, Omp, in Fig. 2b).
In VNOs from adult mice above the age of 3 months,
we found 16.2 ± 0.5 Olfr692-positive cells per histological
section (mean ± SEM; n = 48 sections, four sections per
mouse; Fig. 2a). Moreover, the number of cells express-
ing Olfr692 is equivalent to or higher than that of ca-
nonical VRs. For example, when we used a probe that
specifically recognizes Vmn2r118, a member of the V2R
VR gene family, we found 5.5 ± 0.5 Vmn2r118-positive
cells per section (mean ± SEM; n = 12 sections, two sec-
tions per mouse; Fig. 2d). Similar results were obtained
with probes based on other VR genes (Additional file 1:
Figure S1b–d; Additional file 2: Dataset S1). Together,
these data show that the Olfr692 gene in the OR family,
though non-canonically expressed in the VNO, is robustly
expressed in this sensory organ, an expression on average
comparable to or higher than the expression of its VR
genes.
In terms of spatial distribution, Olfr692-positive cells
are concentrated in the basal layer of the VNO (Fig. 2e),
which is characterized by the expression of V2R family
receptors and the associated Gαo subunit of heterotri-
meric G protein [1]. Though sparsely distributed across
the epithelium (Fig. 2a), Olfr692-positive VNO cells are
more densely packed than in the MOE, where this OR
gene is expressed in the epithelium’s zone II (Fig. 2f;
MOE zones were defined according to [4]).
(See figure on previous page.)
Fig. 1 Next generation RNA sequencing and quantitative PCR reveal high and unique expression of an odorant receptor (OR) gene in the mouse
vomeronasal organ. (a–c) RNA sequencing expression data for selected genes represented as mean fragments per kilobase of annotated
sequence per million reads (FPKM). Error bars are the standard error of the mean (SEM). The first seven OR genes have FPKM >1.0 in the
vomeronasal organ (VNO) library; the remaining OR genes have been reported to be expressed in juveniles [23]. Black bars represent vomeronasal
receptor (VR) genes, for comparison. Expression of Olfr692, marked in red, stands out as high in the VNO, higher in the VNO than in the main
olfactory epithelium (MOE), and comparable to the expression of VR genes. (a) Adult VNO libraries (n = 6 libraries; each library was from VNOs
pooled from three individuals); (b) Adult MOE libraries (n = 6 libraries; each library was from one individual); (c) Juvenile libraries (n = 3 libraries;
each library was from VNOs pooled from three to four individuals). (d) Seven OR genes with mean FPKM values >1.0 in adult VNO libraries,
showing no difference in expression between males and females. 'mOR name' refers to alternate mOR nomenclature [2]. Raw counts are number
of reads uniquely mapped to genomic model. The right column indicates mean FPKM in the VNO. Chr, mouse genome chromosomal location.
OR genes with FPKM values >1.0 are located in distinct chromosomes, suggesting that their expression in the VNO is not related to their
genomic position. (e) Comparison between FPKM values for OR genes in the adult MOE (red bars) and VNO (blue bars), illustrating that Olfr692
expression is uniquely VNO-enriched. The x-axis is ordered according to expression level in the MOE. (f) Comparison between FPKM for OR (large
diamonds) and VR (small diamonds) genes in the VNO. The two most abundant OR genes, Olfr124 and Olfr692, are labeled. The top part shows
the number of VR genes with FPKM values lower or higher than Olfr692 (419 VR genes, including 171 pseudogenes, exhibit lower values; 114 VR
genes, including five pseudogenes, exhibit higher values). The x-axis scale is different to the left and right of an interruption at FPKM = 10.
(g) Real-time qPCR using TaqMan probes to validate the expression of OR genes which have mean FPKM values >1.0 in the adult VNO RNA seq
libraries. The y-axis indicates relative expression level (RQ) as compared to the expression of β-actin. Gray bars indicate expression levels in whole
VNO samples and red bars represent the finely dissected VNO neuroepithelium. Error bars are SEM (n = 4 animals, three technical replicates)
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In contrast, Olfr78, the gene with the second highest
expression level in our qPCR analysis (Fig. 1g), is
expressed in only 3.3 ± 0.4 VNO cells per section
(mean ± SEM; n = 12 sections, two sections per mouse;
Additional file 1: Figure S1e), a much more limited pattern
of expression in comparison with Olfr692 (Fig. 2a). This is
in keeping with the low reported expression of this OR
gene in the adult VNO [23]. Moreover, Olfr78 expression
is concentrated in the apical portion of the chemosensory
epithelium (Additional file 1: Figure S1f), in agreement
with its previously described co-expression with the G
protein Gαi2 subunit, a known marker of the VNO apical
region [23]. Expression of Olfr1512 is also limited to a few
cells per section (Additional file 1: Figure S1g), consistent
with its low expression level in both RNA sequencing and
qPCR experiments (Fig. 1a,g). Expression of Olfr124 and
Olfr1509, OR genes with the first and third highest mean
FPKM values in our VNO libraries but no detectable ex-
pression in the purified vomeronasal epithelium by qPCR
(Fig. 1a,g), was not found in the vomeronasal epithelium
by ISH (Additional file 1: Figure S1h, i), even though the
same probes detect an extensive amount of cells in the
MOE (Additional file 1: Figure S1h,j). In agreement with
previous reports [22], expression of Olfr124 and Olfr1509
is robust in the SOM (Additional file 1: Figure S1k; see
also [22]). Together, these data indicate that the expres-
sion of both OR genes is absent in the VNO and that their
presence in the VNO RNA sequencing libraries was prob-
ably due to a small number of SOM cells included in the
whole VNO RNA preparations.
Our transcriptomic and histological results show that
just one out of all OR genes, Olfr692, is expressed in a
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Fig. 2 The Olfr692 OR gene is expressed in a large subpopulation of cells in the adult mouse vomeronasal organ. (a) In situ hybridization (ISH) on
16-μm cryostat VNO sections with a cRNA DIG-labeled probe for Olfr692. Chromogenic development stains a defined subpopulation of sparsely
distributed cells (purple), along the anterior-posterior VNO axis, with no apparent spatial segregation (representative images from a set 48
sections, from 20 mice). (b) Chromogenic ISH on a VNO section with DIG-labeled probe for Olfactory Marker Protein (OMP), coding for OMP,
expressed in all VSNs. (c) Fluorescent ISH on VNO sections with DIG-labeled probe for Olfr692 (red fluorescence; representative images from a set
of 20 sections, from 20 individuals). (d) Fluorescent ISH with DNP-labeled probe for Vmn2r118 (green). See Additional file 1: Figure S1b–d for other
V2R receptors. (e) Quantitation of Olfr692-positive cells in apical (blue bars) or basal (red bars) zones of the VNO (error bars are SEM; n = 41 subjects;
two to three sections per subject). (f) Chromogenic ISH on an MOE section with DIG-labeled Olfr692 probe (representative images from a set of nine
sections, from three individuals). ep, sensory epithelium; lu, vomeronasal organ lumen; ns, non-sensory tissue and blood vessels. Scale bars represent
100 μm. Blue labeling indicates To-Pro-3 nuclear staining. See also results with control OR probes in Additional file 1: Figure S1a
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large number of chemosensory cells in the sensory epi-
thelium of the adult mouse VNO, a robust expression
comparable to that of other VR genes at the same age.
Temporal pattern of Olfr692 expression in the mouse
VNO
ISH experiments performed on VNO sections from mice
at different ages showed that the Olfr692 gene is expressed
in a very small subpopulation of cells in juvenile mice at
ages P0, P10 and P20, and in young adult mice at P30
(Fig. 3a). In contrast, the expression increases substantially
in older adult animals (P60 animals in Fig. 3a, and animals
older than 3 months in Fig. 2a). Such pattern of expres-
sion is in striking opposition to the temporal expression of
the few other OR genes previously studied in the VNO,
which have higher expression levels in juveniles (younger
than 1 month of age) and very low expression in adults
[23]. The expression dynamics of Olfr692 is also distinct
from V2R VR genes, which are first observed at embryonic
stage E14 [16] and are maintained at high levels through-
out postnatal development (exemplified by receptor genes
Vmn2r107 and Vmn2r69 in Fig. 3b,c).
Together, these data point to Olfr692 as an OR gene
expressed in the VNO epithelium in a developmentally
regulated manner, with robust expression in adults older
than 2 months, suggesting that it may be functionally
relevant in individuals at that age.
Molecular characterization of Olfr692-positive cells in the VNO
The ectopic expression of Olfr692 in the VNO may have
one of several meanings: (1) VNO Olfr692-positive cells
may represent neurons with the typical molecular
phenotype of canonical OR-expressing cells in the MOE
(OSNs) but mis-localized to the VNO; (2) VNO Olfr692-
positive cells may be regular VSNs, expressing all the
typical molecular markers of such chemosensory cell
type, but with the aberrant (and possibly non-functional)
expression of an OR gene; (3) Olfr692-expressing cells
may represent a completely novel subpopulation of sen-
sory cells in the VNO, with its own unique molecular
phenotype. In order to discriminate between these possi-
bilities, we set out to molecularly characterize the cells
that express OR genes in the adult VNO by double
fluorescent ISH with cell type-specific markers.
a P0 P10 P20 P30 P60
Olfr692
Vmn2r107
Vmn2r69
b
c
lu
spt
DAPI
Fig. 3 Olfr692 is expressed in a developmentally regulated manner, with maximum expression in adults older than 2 months. (a) Chromogenic in
situ hybridization to investigate the temporal pattern of Olfr692 expression in the VNO during postnatal development (P0 to P60). At each age,
images are representative from a set of 32 sections, from four individuals. (b, c) Temporal expression of V2R receptors in subclade A8 (b),
investigated with probe for receptor gene Vmn2r107, and subclade A5 (c), investigated with probe for Vmn2r69 (images are representative from a
set of 24 sections, from six individuals). lu, VNO lumen; spt, nasal septum. Scale bars represent 100 μm; panels without scale bars have the same
magnification as the top rightmost panel. Blue labeling indicates DAPI nuclear staining
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OSNs, but not VSNs, express the olfactory Gαolf G
protein subunit [24], thought to couple with adenylyl cy-
clase subtype III and promote the opening of a cyclic-
nucleotide gated channel (CNGA). CNGA is composed
of several subunits, one of which, CNGA2, is character-
istic of OSNs [25].
In contrast, VSNs in the apical zone of the VNO ex-
press V1R family receptors, the G protein Gαi2 subunit
and the transient receptor potential family member C2
(TrpC2) ion channel. Each VSN in the basal zone ex-
presses one member in clades A, B or D of V2R recep-
tors combined with the expression of clade C V2Rs,
along with the G protein Gαo subunit and TrpC2; some
basal zone neurons also express MHC class I H2-Mv
family molecules [26, 27].
We found that Olfr692-positive cells in the VNO co-
express the TrpC2 ion channel (Fig. 4a,b). TrpC2 is also
expressed in a restricted subset of molecularly atypical
OSNs [28], but these do not express Olfr692 (Additional
file 3: Figure S2a), supporting the notion that Olfr692-
positive cells in the adult VNO and MOE are molecu-
larly different. Moreover, we found no evidence of
CNGA2 and Gαolf expression in the VNO, though
both are abundant in the MOE (Additional file 3:
Figure S2b–d). Together, these data show that VNO cells
expressing Olfr692 are not merely misplaced OSNs, because
they do not express the full complement of OSN markers.
We found that Olfr692-positive vomeronasal cells ex-
press Gαo, but not Gαi2 (Fig. 4c,d), consistent with their
position in the basal layer of the VNO. It is important to
note that such data are to be taken only as part of a mo-
lecular characterization of Olfr692-expressing VNO
cells, not necessarily implying that the corresponding
OR receptor couples with Gαo.
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Olfr692
c
d
G o
G i2
Fig. 4 Olfr692-positive cells co-express TrpC2 and are located in the basal layer of the vomeronasal organ. (a, b) VNO sections subjected to double
fluorescent in situ hybridization (ISH) showing co-expression of Olfr692 (red) and TrpC2 (green), coding for an ion channel characteristically
expressed in vomeronasal neurons (higher magnification image in b). (c, d) Double fluorescent ISH to evaluate expression of genes for G protein
subunits Gαo (c), a basal VNO zone marker, or Gαi2 (d), an apical zone marker, in Olfr692-expressing VNO cells. Number of imaged sections and
quantification of co-labeling counts are summarized in Additional file 10: Table S2. lu, VNO lumen. Scale bars represent 100 μm and are the same
as in the left top panel, except in b. Nuclear To-Pro-3 labeling is light red in d and blue elsewhere
Nakahara et al. BMC Biology  (2016) 14:12 Page 7 of 19
105
Since Olfr692-expressing cells are located in the basal
zone of the VNO, we sought to determine whether they
co-express genes for VRs in the V2R family, which are
known to be restricted to the basal layer [16]. If we
found evidence for co-expression with V2Rs in these
cells, it could in principle suggest that they are canonical
VSNs with aberrant expression of one OR gene. In
double ISH experiments, we found no substantial over-
lap between Olfr692 and staining with probes designed
to subclades A1, A2, A3, A4, A5, A8, A9, B, and D of
V2R receptors (Additional file 4: Figure S3; Additional
file 5: Figure S4a–c), which represent >98 % of all V2R
receptors expressed singularly in basal zone VSNs [29]
(see also Additional file 6: Figure S5 and Additional file 2:
Dataset S1 for probe details and validation). These results
strongly argue against the hypothesis that Olfr692-ex-
pressing VNO cells are canonical VSNs with aberrant OR
expression.
Basal layer VSNs also express V2R receptors in clade C,
which are combinatorially co-expressed with clade A/B/D
receptors [30, 31]. We identified a clear co-localization of
Olfr692 with Vmn2r2 and partial co-localization with
Vmn2r1 (Additional file 5: Figure S4d,e), which are the
two clade C members most widely expressed in the VNO
[31]. Interestingly, we observed no or little overlap
between the expression of Olfr692 and members of the
H2-Mv family of non-classical class I MHC molecules
(Additional file 5: Figure S4f,g), which are expressed in a
large number of basal zone VSNs [26, 27].
Taken together, the experiments above show that
Olfr692 is expressed in a subset of basal VNO zone cells
that are neither canonical VSNs nor misplaced OSNs.
Instead, they co-express a unique set of molecular fea-
tures (TrpC2/V2R clade C/Gαo-positive and CNGA2/
V2R clades ABD/Gαolf-negative) that suggests they rep-
resent a distinct and novel subpopulation of chemosen-
sory cells in the adult mouse vomeronasal system.
Investigation of activity in Olfr692 cells after exposure to
various odorous stimuli
To identify a source of ligands able to activate Olfr692-
expressing cells, we first exposed adult animals to bio-
logically relevant stimuli and then labeled the activated
neurons on VNO sections by double ISH with probes
for Olfr692 and for the surrogate marker of VNO neur-
onal activation Egr1 [32].
Exposure of adult C57BL/6 animals to heterospecific
stimuli (odors from predatory species, such as felines,
snakes and birds of prey) resulted in no activation in
Olfr692-positive cells (Fig. 5a; see also [14, 32]), even
when these stimuli were used at high quantities, suffi-
cient to activate the VNO maximally (see Methods for
amounts of stimuli used and exposure protocols); like-
wise, no activity was seen upon exposure to adult male
and female conspecific odors (Fig. 5b–e), nor to purified
aliphatic acid odorants known to be detected by OR re-
ceptors similar to Olfr692 [33] (see Additional file 7:
Table S1 for quantification of activation in Olfr692 cells,
and Additional file 8: Figure S6a,b).
Additionally, we conducted a comprehensive in vitro
screening among a variety of 70 organic candidate
Olfr692 ligands (Additional file 8: Figure S6c). Nine che-
micals generated responses that were initially suggestive
of receptor-mediated activation in Olfr692-expressing
Hana3a heterologous cells (Additional file 8: Figure S6c;
[34]), but on further investigation we found no evidence
of statistically significant dose–dependent responses
(Additional file 8: Figure S6d).
These experiments suggest that the function of
Olfr692-expressing cells may not be related to the gener-
ation of known VNO-mediated defensive, sexual, or ter-
ritorial behaviors [7–9, 14].
Olfr692-expressing cells are activated by pup odors
Pup odors have recently been shown to activate vomero-
nasal neurons in vivo [34], possibly mediating behaviors
towards the young. Since Olfr692 is expressed at very
low levels during development and infancy but possesses
robust expression in adults above the age of 2 months,
we hypothesized that the Olfr692 cells may mediate
chemical communication between juveniles and adults.
We assayed the activation of Olfr692 cells in adult
C57BL/6 mice exposed to pup odors, in several behavioral
contexts; each exposure was to one or two C57BL/6
same-strain juvenile mice (P0.5–P8.5; male or female), for
45 min. Because father and mother mice are constantly
exposed to pup odors, they could show desensitization of
OSNs tuned to detect juvenile stimuli. Therefore, we first
exposed virgin (nulliparous) adults to alien juveniles.
Strikingly, when sexually naive (virgin) adult males were
exposed to same-strain (C57BL/6) pups (P0–P8.5), they
showed a very robust activation of Olfr692-positive VNO
cells (27.4 ± 4.0 % of all Olfr692 cells per section; n = 20
mice, two sections per individual; Fig. 6b,k). In striking
contrast, when nulliparous (virgin) females were exposed
to same-strain juveniles of either sex, virtually no Olfr692-
positive VNO cells were activated (Fig. 6d,k; Egr1 counts
in Additional file 7: Table S1), even though the females ac-
tively investigated the juvenile subjects (Fig. 7a). Import-
antly, the number of Olfr692-expressing cells in wild-type
C57BL/6 mice is equivalent in virgin males [14.8 ± 1.0
Olfr692-positive cells per section (n = 40 sections, two sec-
tions per individual)] and virgin females [14.7 ± 1.0 (n = 19
sections, three to four sections per individual)] (Fig. 6k,
right graph). Together, these data show that VNO cells
that express Olfr692 are activated differently in males and
females.
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To ensure that the activation seen in males exposed to
alien pups is not due to odors derived from the pup’s
mothers, we exposed C57BL/6 male mice to lactating fe-
males or to scented bedding of lactating females. We ob-
served only a very limited number of cells activated in
the VNO, and these showed very little overlap with the
expression of Olfr692 (Fig. 6e). Similarly, although we
observed a small subpopulation of cells in adult males
activated by milk extracted from lactating females, these
cells do not overlap with those expressing Olfr692
(Fig. 6e’; Additional file 7: Table S1).
Moreover, to ensure that activation in Olfr692 cells is
not due to odors released by the pup as a consequence
of its interaction with the adult male, nor due to chemo-
signals detected by the adult during the act of biting the
pup (blood-derived ligands), we exposed male adults to
ligands washed off the pups (pup wash) and to pups
placed inside a plastic capsule bearing 4-mm wide holes,
which allowed the adult to approach the pup without
being able to bite it. In both cases, we observed robust
activity in Olfr692 VNO neurons (Additional file 9:
Figure S7; see Methods section for details). These data
a
b c
fd e
lu
lu
Egr1
Olfr692
cat
snake
exp
exp
exp exp control odor
Fig. 5 Olfr692 cells are not activated by predator odors nor by same- or opposite-sex conspecific individuals. Double fluorescent in situ hybridization
for the marker of vomeronasal neuron activation Egr1 (red fluorescence) and Olfr692 (green) in animals exposed to a range of biologically relevant
stimuli: (a) Adult male C57BL/6 mice exposed to heterospecific stimuli from cat (left) or snake (right), which have been shown to robustly activate the
VNO [32] and to elicit defensive behaviors [14]. Insets are higher magnification images of the corresponding panels to evidence absence of
co-expression of Egr1 and Olfr692. (b–e) Adult C57BL/6 mice exposed to same-strain male or female adult mouse odors. (b) In female mice exposed
to scented bedding containing male odors and in male mice exposed to the odors of (c) female or (d) male adult mice, a number of VNO cells are
activated, but none overlap with the expression of Olfr692. (e) In female C57BL/6 mice exposed to female odors, activated cells are virtually absent in
the VNO. (f) Control animal exposed to unscented bedding. Similar results are obtained upon exposure to clean gauze. Microscopy images are
representative from the set of scored sections indicated in Additional file 7: Table S1. See quantification of Egr1/Olfr692 co-labeling counts in Additional
file 7: Table S1. lu, VNO lumen. Scale bars represent 100 μm. Nuclear staining is To-Pro-3 labeling (blue)
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prove that aggressive pup-adult physical interaction is
not needed for the pup-emanating odors to activate
Olfr692 cells in the adult VNO (see also [35]).
Together, we confirm that the VNO is capable of
detecting odors from young conspecific individuals
[35], and show that the Olfr692-expressing neural
subpopulation is involved in this detection process.
Even though the Olfr692 neurons are numerically
equivalent in both sexes, their response to pup odors
is sexually dimorphic. This is, to our knowledge, the
first documented case of sexual dimorphism in the
activity of a mammalian chemosensory subpopulation
expressing a defined receptor.
Activation of Olfr692-expressing cells depends on the
animal’s social status
A number of pup-oriented behaviors may be triggered
by the VNO. A recent study has shown that the VNO
mediates the inhibition of adult sexual behavior towards
pups via detection of the ESP22 peptide, secreted by the
lacrimal gland of juveniles [12]. However, we did not de-
tect activation of the Olfr692-positive VNO population
in adult animals after exposure to the recombinant ver-
sion of ESP22 swabbed onto a juvenile from the C3H
strain (which does not express ESP22 naturally) (Fig. 6f ).
Other studies reported that the VNO is required for
parental behaviors [36]. When we exposed parenting
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Fig. 6 Olfr692 cells are activated by juvenile odors in a sexually dimorphic manner and depending on the individual’s social status. (a–j) Double
fluorescent in situ hybridization for receptor gene Olfr692 (green) and immediate-early gene Egr1 (red), marker of vomeronasal neuron activation,
in adult C57BL/6 virgin males (b), virgin females (d), parenting fathers (h) and mothers (j), exposed to same-strain pup. For h and j, exposure was
to alien pups. Insets in b show higher magnification images of activity in Olfr692 cells in virgin males. Virgin males, virgin females, fathers and
mothers were also exposed to control odors (a, c, g and i). Lactating female C57BL/6 mice (e) or milk extracted from lactating females (e') activate the
VNO of adult male mice (Egr1 staining in red), as compared to control non-exposed animals (a). However, activated cells do not express Olfr692 (green
fluorescence). (f) Egr1 expression (red) shows that recombinantly expressed ESP22 juvenile peptidic pheromone does not activate Olfr692 cells (green)
in adult C57BL/6 males (right); exposure to MBP, the purification label for ESP22, does not activate the VNO (left). (k) Quantification of labeled cells in
experiments shown in a–h. Left panel: percentage of Olfr692 labeled cells per section that are also Egr1-positive (n is the number of mice; * P = 0.0001,
two-sample Welch’s t-test assuming unequal variances, t = 5.136; ** P = 0.005, Welch’s t-test, t = 4.407; see also Additional file 7: Table S1 for percentage
of Egr1-positive cells among all counted Olfr692 labeled cells). Middle panel: number of Egr1/Olfr692 doubly labeled cells per VNO section (n is the
number of mice; *** P = 0.02, two-sample Welch’s t-test, t = 2.474; **** P = 0.02, Welch’s t-test, t = 2.509). Right panel: total number of Olfr692-positive
cells per VNO section (n is the number of sections; n.s. = statistically non-significantly different, two-sample t-test, P = 0.461, t = 0.099). Microscopy
images are representative from the set of scored sections indicated in Additional file 7: Table S1. Quantification of activation in all experiments is
detailed in Additional file 7: Table S1. lu, VNO lumen. Scale bar = 100 μm. In graphs, mean ± SEM
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males (fathers) to C57BL/6 alien pups (juveniles col-
lected from other breeding cages), we observed very lit-
tle activation of Olfr692-expressing cells (3.1 ± 0.8 % of
all Olfr692-positive cells per section; n = 6 mice, eight
sections per mouse; Fig. 6h,k), in contrast to the robust
percentage of activated Olfr692 cells (27.4 ± 4.0 %) ob-
served in virgin, sexually naive male individuals (Fig. 6b).
Even though activity is distinct between virgin and par-
enting males, the number of Olfr692 cells in fathers
(12.9 ± 0.6 Olfr692-expressing cells per section; n = 48
sections, eight sections per individual) is similar to that
seen in virgin males (Fig. 6k, right graph). Strikingly,
these results suggest that the activity in the adult VNO
Olfr692 population is dependent on the animal’s social/
parenting status.
In mothers, the overall number of activated cells in the
VNO when animals were exposed to alien pups was
appreciable (Fig. 6j), but the overlap with the expression
of Olfr692 was very small (2.5 ± 0.8 % of all Olfr692-posi-
tive cells per section; n = 4 mice, six to eight sections per
mouse). Interestingly, we found more Olfr692-positive
cells in mothers than in males or virgin females (21.9 ± 1.3
Olfr692-positive cells per section; n = 28 sections, six to
eight sections per individual; Fig. 6k, right graph).
Finally, we investigated possible behavioral conse-
quences of Olfr692-expressing cell activation in the VNO.
We found that the high activity in Olfr692 cells in virgin
males is positively correlated with the display of extremely
potent aggressive behavior and absence of pup-retrieval
parenting behavior towards alien juveniles (Fig. 7a,b). In
contrast, females and parenting males, in which activation
of Olfr692 cells is low, do not exhibit aggressive bouts to
alien pups (Fig. 7a,b; see also [36–40]). The correlation be-
tween high activity in Olfr692-positive VNO cells and the
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Fig. 7 Activation of Olfr692 cells in the VNO of virgin male mice correlates with pup-directed aggressive behavior. (a) Juvenile-oriented aggressive
behavior (top, left) and parental care behavior (pup grooming; top, right) exhibited by virgin females, virgin males, parenting males (fathers), and
parenting females (mothers) of wild-type (WT) C57BL/6 strain, showing pup-directed aggression in naive males (n = 6–9 mice). In the absence of
a functional VNO (TrpC2-/- mutant mice), infanticidal behavior is impaired and the expression of parental care (pup-grooming) is similar to that
exhibited by mothers. Bars with black outlines represent individuals exposed to alien pups; gray outlines indicate exposure to self-pups. Investigative
behavior is also shown (bottom, left). ‘0’ indicates no episodes of the measured behavior. (b) Number of animals which exhibited at least one episode
of the measured behavior (pup-directed aggression or grooming) in wild-type (WT) C57BL/6 or TrpC2-/- animals. ‘1/9’ indicates that one animal
displayed the behavior in a sample of n = 9. (c, d) Olfr692 cells are rarer in the VNO of TrpC2-/- mice and are not activated by juvenile odors (d). lu, VNO
lumen. Scale bar = 100 μm. In graphs, mean ± SEM
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display of pup-oriented aggression together with absence
of pup-directed care suggests that such sensory popula-
tion may be involved in mediating parental behaviors. This
possibility would be further strengthened by the observa-
tion that mice without a functional VNO show impair-
ment in these behaviors. In fact, in our paradigm, we
observed changes in pup-directed behaviors, such as im-
paired pup-directed aggression and more pup retrieval
parenting behavior, in animals with genetic ablation of the
VNO by a null mutation in the TrpC2 gene (TrpC2-/-;
Fig. 7a,b). Additionally, we saw no activation of Olfr692-
expressing VNO neurons in TrpC2-/- sexually naive adult
males exposed to wild-type alien pups (Fig. 7d), in contrast
to the robust activity seen in wild-type adult males (Fig. 6b).
Similar behavioral results were obtained by groups working
with sexually naive males subjected to surgical removal of
the VNO [35] or with VNO genetic ablation [36].
Together, our data show that Olfr692-positive cells are
highly activated by pup odors in infanticidal virgin wild-
type males, while activity and behavior are lost when the
VNO is held non-functional by genetic ablation. We
hypothesize that the pup odor-responsive sensory popula-
tion expressing the Olfr692 gene mediates pup-oriented
behaviors like infanticidal aggression or parental care. In
the future, further experiments on Olfr692-/- knockout
mice will allow us to test this hypothesis.
Discussion
In this paper, we describe an atypical subpopulation of neu-
rons in the VNO, one of the olfactory sensory structures,
that expresses a specific gene in the OR family, Olfr692.
We found an extensive number of Olfr692-positive cells in
VNOs from adult mice, but expression is virtually absent in
juveniles (Figs. 1, 2, 3). This expression pattern is distinct
from those of VR genes, which are first expressed in em-
bryos [15, 16], and is also different from the few ORs re-
ported in the VNO, which are mostly expressed in juveniles
[23]. Moreover, Olfr692-expressing cells are Gαolf/
CNGA-negative, TrpC2/Gαo-positive, and located in the
basal zone of the VNO. The robust expression of Olfr692
in the adult VNO and co-expression with specific molecu-
lar markers suggest that the VNO sensory population ex-
pressing such gene is distinct from previously described
VSN categories.
Olfr692 is, to our knowledge, the first OR gene shown
to be expressed almost exclusively in adults, suggesting a
critical role at this stage in the life cycle. Interestingly,
Olfr692 is differentially expressed between the two main
olfactory sensory organs, having a very low expression
level in the MOE, but a surprisingly high expression
level in the VNO (Fig. 1), suggesting that the Olfr692-
expressing population modulates instinctive behaviors
mediated by the VNO.
Which stimuli activate the Olfr692-expressing VNO
population? Known vomeronasal ligands include urine-
derived small organic molecules [20, 41], sulfated ste-
roids [32, 42], MHC peptides [43], ESP peptides [12, 13],
and conspecific or heterospecific small proteins [8, 14].
Moreover, a fraction of VNO neurons respond to small
organic volatile odorants in vitro [20, 41]. It is possible
that such detection may involve the cells expressing
Olfr692, since the OR family is traditionally associated
with the detection of volatile odorants.
In this paper, we have evaluated the activation of the
Olfr692-positive VNO population after exposure of ani-
mal subjects to biologically relevant odor sources. We
show that Olfr692-positive cells in the adult VNO are
activated by pup odors (Fig. 6). Strikingly, this activation
is sexually dimorphic: even though the number of
Olfr692-positive cells is equivalent in males and females,
the number of activated cells in virgin females is very
low, while virgin males exhibit robust activation of
Olfr692-positive cells after exposure to pups (Fig. 6).
This is the first reported case of sexual dimorphism in
activity of a sensory population expressing a specific ol-
factory receptor in mammals.
Additionally, we show that mothers and fathers have
surprisingly low activation of Olfr692-expressing neu-
rons overall, even though cells expressing this receptor
are present in equivalent numbers in virgin and parent-
ing individuals (Fig. 6). In comparison with the large
number of active cells seen in virgin males, these results
indicate that activity depends on the animal’s social and
parenting status, probably modulated at the sensory
interface by the individual’s internal hormonal state. A
similar phenomenon was recently observed for another
subgroup of VSNs, involved in detecting odors from op-
posite sex individuals, which was reported to be modu-
lated by steroid hormones in mice [44].
Which behaviors might be mediated by the Olfr692-
expressing population? The VNO mediates a range of in-
stinctive behaviors, including individual identity recognition
[45], aggression [8], and interspecies communication [14].
Since Olfr692 is expressed differentially between juveniles
and adults, it is conceivable that it mediates adult-specific
behaviors. We did not find evidence of involvement in
sexual behaviors (Fig. 5); instead, we suggest that Olfr692-
expressing cells mediate adult behaviors towards the young.
We found robust activation of Olfr692-positive VNO
cells in sexually naive male adults exposed to alien pups
(Fig. 6), a context in which strong aggressive behavior is
displayed towards juveniles (Fig. 7). Interestingly, little
discernible activation of Olfr692 cells is found in virgin
females exposed to alien pups or in mothers and fathers
(Fig. 6), where aggression is not present (Fig. 7). The
possibility that Olfr692-positive vomeronasal neurons
are involved in aggressive behavior towards pups finds
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support in previous data showing that the VNO detects
juvenile odors and mediates infanticidal behavior [35, 36].
Infanticide has been documented in virgin male mice of
many strains, including C57BL/6 (up to 70 % infanticide
rate) [39], and this phenomenon has been suggested to be
adaptive because survival of a male’s own biological off-
spring at the expense of alien, potentially competing, off-
spring is evolutionarily beneficial.
Alternatively, Olfr692-expressing VNO neurons might
mediate the inhibition of parenting behaviors in virgin
males. Interestingly, males with surgical or genetic abla-
tion of the VNO exhibit significantly more episodes of
pup retrieval, pup grooming and nest building than con-
trol animals [35, 36].
Because we observed robust activity in Olfr692-posi-
tive neurons in non-fathers but very low activity in par-
enting fathers (Fig. 6), a third possibility is that the
Olfr692-expressing neurons mediate the interplay be-
tween aggressive and parental behaviors; this model con-
curs with the observation that aggressive C57BL/6 virgin
males exhibit a switch to parenting behaviors after sex-
ual experience, even towards alien pups [40]. Such be-
havioral switch has been hypothesized to be mediated by
olfaction [46]. Moreover, manipulation of activity in neu-
rons in the medial preoptic area or the bed nucleus of
the stria terminalis in the brain, which receive functional
inputs from the VNO, has been shown to lead to a
switch between aggressive and parenting behaviors in
males and females [35, 36, 47].
Further investigation on knockout mice carrying null
mutations in the Olfr692 gene will be important to pro-
vide evidence that the Olfr692 receptor detects pup
odors, and to elucidate the nature of the behavior medi-
ated by the Olfr692-expressing sensory neurons.
Conclusions
Most animal species use olfaction to appropriately per-
ceive and respond to the external world. Among the
many detected odors are those able to elicit instinctive
behaviors, such as pheromones. Knowledge on the
mechanisms animals use to sense such cues is key to un-
derstanding animal behavior, population dynamics, life
cycle, natural history, and evolution. Here, we described
a non-canonical subgroup of OSNs, located in the spe-
cialized VNO. These neurons unusually express a recep-
tor gene in the OR family, which is typically found in
another olfactory structure in the nose, the main olfac-
tory epithelium. These cells seem to be non-canonical
because they express a unique complement of molecular
markers. Importantly, we found that pup odors activate
these neurons. Moreover, activation is sexually di-
morphic, because it is seen only in adult males exposed
to pups, a rare case of sex difference in olfactory organ
activation. Strikingly, activity also depends on the
animal’s social and parenting status: robust activity is
seen only in virgin adult males exposed to pups, a situ-
ation in which potent aggressive (infanticidal) behavior
is triggered, and not in parenting adults.
We anticipate that our findings will shed light onto
some outstanding questions in sensory biology, includ-
ing the molecular details of how pup-derived odors are
recognized by specific receptors to trigger instinctive re-
sponses in adults. Although the involvement of olfaction
and the vomeronasal system in parental behaviors has
been previously suggested, no specific population of
pup-detecting olfactory cells had been identified, a gap
of knowledge that is now filled by the present study.
Once the participation of the Olfr692 population in the
regulation (triggering/inhibition) of pup-oriented behav-
iors in adults is established, pup-derived olfactory cues
purified based on our work will be important to better
study this behavioral phenomenon. How do the OR-ex-
pressing cells mediate the interplay between parental
and infanticide behaviors? Why is infanticide common
in so many animal species? How important is olfaction
in the generation of such responses? Our findings may
fuel future research to understand the molecular and
neural mechanisms behind these questions.
Methods
Mice
Animals were 2- to 4-month-old male mice, unless
otherwise noted. TrpC2+/+ and TrpC2-/- littermates
were obtained from heterozygous mating couples, which
were produced by backcrossing the TrpC2-/- knockout
line [9] into the C57BL/6 background for at least 10
generations. Juveniles used in Figs. 6 and 7 were P0.5 to
P8.5 C57BL/6 pups, except in Fig. 6f, which required the
use of pups in the C3H strain. Animals used in this
study were obtained directly from our vivarium facility,
and procedures were carried out in accordance with
Animal Protocol no. 1883-1, approved on June 2009 by
the Institute of Biology’s Institutional Animal Care and
Use Committee (Committee for Ethics in Animal Use in
Research), at the University of Campinas. This protocol
follows the guidelines established by the National Council
for Animal Experimentation Control (CONCEA-Brazil).
RNA sequencing and gene annotation
Whole adult VNO and MOE RNA sequencing have been
previously described [21]. For the newborn juvenile data,
the whole VNO was dissected from P0.5 C57BL/6 J animals
(of both sexes) and the tissue from three to four animals
was pooled for each sample and stored in RNAlater
(Qiagen). RNA was extracted using the RNeasy mini kit
(Qiagen) with on-column DNAse digestion. A fragment
range of 200–300 nt was selected from mRNA prepared for
sequencing using the TruSeq RNA sample preparation kit
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(Illumina). Samples were multiplexed together and se-
quenced on one lane on the Illumina HiSeq 2000 to gener-
ate 100 bp paired-end reads; on average, each sample
yielded 59.85 ± 6.02 million fragments. Data processing was
done as previously published [21]. Briefly, reads were aligned
to the GRCm38 mouse reference genome and the number
of fragments uniquely aligned to each gene was counted
using the HTSeq package; the annotation used was from
the Ensembl mouse genome database, version 68
(http://jul2012.archive. ensembl.org/info/data/ftp/index.html).
Counts were then normalized for depth of sequencing and
gene length to obtain FPKM values [48]. Multi-mapping
reads were not included in the FPKM calculations. Se-
quencing data are available in the European Nucleotide
Archive under accession PRJEB1607.
TaqMan qRT-PCR
RNAs from MOE and VNO were extracted from four in-
dividual male, 8-week-old C57BL/6 J mice. TaqMan
probes were used to assess gene expression of target OR
genes, which was performed on a 7900HT Fast Real-Time
PCR System (Life Technologies) according to the manu-
facturer’s instructions. Mean cycle threshold (Ct) values
from three technical replicates were each normalized to β-
actin expression, using the ΔCt method. Relative quantity
(RQ) values were calculated using the formula RQ= 2-ΔCt.
The TaqMan probes used were: Mm00529996_s1
(Olfr124), Mm00526312_s1 (Olfr692), Mm00451556_s1
(Olfr1509), Mm00498747_s1 (Olfr1264), Mm00729160_s1
(Olfr1512), Mm02015876_s1 (Olfr1372-ps1), and
Mm00453733_s1 (Olfr78).
In situ hybridization (ISH)
For the design of cRNA probes to V2R VR genes, we in-
vestigated whether different genes harbor specific re-
gions anywhere in the coding or non-coding regions.
However, nucleotide and protein similarities among the
members of each clade were found to be very high
(>80 %), though members from different clades usually
share less than 75 % nucleotide sequence identity (see
also Additional file 2: Dataset S1; and Additional file 6:
Figure S5). These similarity levels are constant through-
out the entire gene sequence, including exons, introns,
and untranslated regions. For each clade, we chose
probes based on one or two receptors. For each V2R
gene, a probe (length 1–1.2 kb) was designed based on
the 1.5 kb region starting at the translation initiation
codon. Each V2R receptor probe consistently labels the
same subset of vomeronasal neurons, as judged by co-
staining with probes for the same receptor labeled with
different haptens (Additional file 6: Figure S5a). Usually,
a probe based on one V2R gene in a particular subclade
A was able to label most VSNs expressing receptors in
that subclade if they all share more than 80 % similarity
(Additional file 6: Figure S5b–d). Occasionally, two
probes were used to cover cells expressing all receptors
in a subclade, if some of its receptors share less than
80 % similarity (Additional file 6: Figure S5e). Probes for
distinct subclades in clade A do not produce significant
overlap (Additional file 6: Figure S5f,g). We used distinct
probes for each member in the V2R C family. For the
neuronal marker Egr1, we used three non-overlapping 1-
kb probes spanning the entire coding sequence, as previ-
ously published [32]. Oligonucleotides used as primers
to amplify these and other target genes can be found in
Additional file 2: Dataset S1.
Each cRNA probe was produced with rNTPs labeled
with haptens DNP, FLU, and/or DIG (Roche) from frag-
ments cloned in pGEM-T-Easy vector (Promega), using
SP6 or T7 RNA polymerases (Roche). Slides containing
16-μm cryostat coronal VNO sections were air-dried for
10 minutes, followed by fixation with 4 % paraformalde-
hyde for 20 min, and treated with 0.1 M HCl for 10 min,
0.1 % H2O2 for 30 min, and 250 mL of 0.1 M triethano-
lamine (pH 8.0) containing 1 mL of acetic anhydride for
10 min, with gentle stirring. Slides were always washed
twice in 1× PBS between incubations. Hybridization was
then performed with DNP (1 μg/mL) or DIG (600 ng/mL)
labeled cRNA probes at 58 °C in hybridization solution
(50 % formamide, 10 % dextran sulfate, 600 mM NaCl,
200 μg/mL yeast tRNA, 0.25 % SDS, 10 mM Tris-HCl
pH 8.0, 1× Denhardt’s solution, 1 mM EDTA pH 8.0) for
16 h. Slides were washed once in 2× SSC, once in 0.2×
SSC and once in 0.1× SSC at 60 °C (30 min, 20 min and
20 min, respectively), followed by a quick incubation in
0.1× SSC at room temperature. Slides were then perme-
abilized in 1× PBS, 0.1 % Tween-20 for 10 min, and
washed twice in TN buffer (100 mM Tris-HCl pH 7.5,
150 mM NaCl) for 5 min at room temperature, followed
by blocking in TNB buffer (100 mM Tris-HCl pH 7.5,
150 mM NaCl, 0.05 % blocking reagent (Perkin Elmer)),
and incubation overnight at 4 °C with rabbit anti-DNP
(Invitrogen) primary antibody diluted 1:600 in TNB buffer.
Signal development proceeded with the tyramide signal
amplification kit (Perkin Elmer), following the manufac-
turer’s instructions. Briefly, slides were incubated in
tyramide-biotin (1:50 in amplification diluent with
0.0015 % H2O2 (Perkin Elmer)) for 15 min, followed by in-
cubation in streptavidin-HRP (1:100 in TNB) for 1 h and
incubation in tyramide-Alexa 546 (1:100 in amplification
dilutent with 0.0015 % H2O2 (Life technologies)) for
15 min. Prior to each incubation, slides were washed six
times with TNT buffer for 5 min under mild agitation.
Sections were then treated with 3 % H2O2 in 1× PBS for
1 h to block peroxidases from the first signal development.
Slides were then blocked in TNB for 90 min, followed by
incubation overnight at 4 °C with anti-DIG-POD (Roche)
diluted in TNB (1:400). Signal development for DIG probe
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was performed using tyramide signal amplification kit
(Perkin Elmer) and tyramide-Alexa 488 dye. Samples were
counter-stained with To-Pro 3 nuclear stain (Invitrogen)
diluted 1:1,000 in 1× PBS, washed twice in 1× PBS and
mounted with ProLong Gold (Invitrogen).
For counting cells in the apical or basal zones of the
VNO (Fig. 2e and Additional file 1: Figure S1f), a line div-
iding the VNO epithelium in half was manually drawn
onto eachVNO section used for counting and the position
of each stained cell was computed. This approach ignores
the fact that the real dividing line between both zones is
circumvoluted, but was used here as a first approximation,
in combination with double ISH experiments with G pro-
tein zonal markers.
For some double ISH, we combined chromogenic in situ
detection for receptor genes (V2R receptors in Additional
file 4: Figure S3; Additional file 5: Figure S4a,b, and Egr1
in Fig. 6e’) with fluorescent in situ detection for Olfr692,
because chromogenic development is more sensitive, en-
suring that the full complement of positive cells was un-
equivocally labeled. Since the chromogenic stain may
cause blocking and quenching of underlying fluorescence,
we used confocal microscopy to make sure that all
fluorescently-labeled neurons were visualized, even in the
presence of purple precipitate from the chromogenic de-
tection phase. Moreover, we conducted a control experi-
ment with two probes for the same gene, visualized
concomitantly with fluorescent and chromogenic ISH, to
confirm that no quenching of fluorescence was occurring
due to the colored precipitate from chromogenic detec-
tion (Additional file 5: Figure S4c). The image shown in
Fig. 6e’ is false colored to represent the chromogenic
signal as red and Olfr692 fluorescence as green.
For double Egr1/Olfr692 ISH experiments, it is import-
ant to note that the number of Egr1-positive cells is to
be taken as the minimum estimate of the real number of
active Olfr692 cells, because Egr1 is a surrogate marker
of vomeronasal neuron activation, and its mRNA ap-
pears in the cell body’s cytosol during the 20–50 minute
window after the onset of ligand detection, being com-
pletely degraded after 1 h from the onset of stimulation.
Therefore, it is possible that some Olfr692 cells may
have detected its ligand at the beginning of the 45 min
exposure period, resulting in robust expression of Egr1
at the time the animals were sacrificed; other Olfr692
cells, on the other hand, may have detected the stimulus
at the end of the exposure window and therefore did not
have enough time to express Egr1 mRNA. Moreover, the
Olfr692 sensory subpopulation may be composed of ma-
ture and immature cells, and since we are detecting the
expression of Olfr692 mRNA, it is possible that not all
Olfr692-positive cells are functionally mature and cap-
able of detecting the pup stimuli. These arguments indi-
cate that the real percentage of Olfr692 cells activated by
pup odors may be higher than the percentage estimated
by Egr1 staining.
Stimuli
Cat odor was obtained by rubbing a medical gauze
against the fur of a domestic cat, particularly around the
neck region, which is constantly licked by the subject
[14]. For snake odor, we used 1 g of stimulus corre-
sponding to around four 5 × 5 cm pieces of shed skin.
Fifty milliliters of scented bedding (fine wood chips)
were used as male and female mice odor stimuli. Control
mice were exposed to clean bedding. For collection of milk,
lactating females older than 3 months were anesthetized
and injected with 3U oxytocin supplemented with 15–
20 μL of 1 mg/mL solution of metochlopramide chloridrate
(Maxeran; Sanofi-Aventis). Subjects were positioned belly
up and the two front nipples were connected to a hand-
made suckling device controlled by a vacuum source. Milk
collected on the tubing was dried and rehydrated in 0.5 M
EDTA in 1× PBS to create a 1:2 milk suspension. Subjects
were exposed to 500 μL of this solution, and controls were
exposed to EDTA solution alone. Octanoic, nonanoic,
decanoic, and stearic acids (Sigma) were prepared as
100 mM stocks in mineral oil, and subjects were exposed
to 500 μL of either a 1 mM or a 100 mM solution prepared
in the same vehicle. For ESP22 peptide, the subject was ex-
posed to 15- to 18-day-old juveniles from the C3H strain
that had been swabbed with 10 μg of recombinant protein
(as fusion with maltose-binding protein, MBP) on its back;
C3H juveniles swabbed with MBP or C57BL/6 juveniles
were used as control stimuli. In Figs. 6 and 7, we used
C57BL/6 3- to 4-month-old mice exposed to one or two
P0.5–P8.5 C57BL/6 pups for 45 min. Most of these experi-
ments were conducted with P0 juveniles, where sexing by
visual inspection is difficult; therefore, male and female
newborns were chosen at random from a large set of
pups from different breeding cages. For experiments in
Additional file 9: Figure S7a, pup wash was collected by
placing two P0.5–P2.5 C57BL/6 pups head-up in a 50 mL
conical tube containing ~2 mL of warm 1× PBS, for
30 min, followed by washing the pups with a pipette,
avoiding the head area; for each 3-month-old C57BL/6
subject, exposure was to 1 mL of this pup wash solution,
deposited on gauze, for 45 min. For experiments in
Additional file 9: Figure S7b, two pups were placed inside
a 5 × 10 cm plastic capsule bearing 4 mm holes all around,
to allow adult animals to approach the pups without biting
them; for each 3-month-old C57BL/6 subject, exposure
was to two such capsules, for 45 min.
Whenever possible, olfactory stimuli were presented in
the same form and amount, such as equal volumes of
scented bedding or equal amounts of scented gauze. For all
stimuli deposited on gauzes, the gauze was unscented in a
desiccator under vacuum overnight before adding the
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stimulus. All stimuli (solid or liquid deposited on gauze)
were attached to ‘binder clips’ to visually confirm their pos-
ition and prevent the spreading of stimuli in the cage. Each
exposure to potential odor ligands proceeded for 45 min
before animals were euthanized for VNO dissection.
Recombinant ESP peptide expression
The ESP22 peptide expression vector, gently provided by
Dr. Stephen Liberles, is based on pMAL-c5x [13], which
allows expression of ESP22 as a fusion protein with
MBP. Protein was eluted from an amylose affinity resin
using maltose and then exchanged into 1× PBS using a
YM10 column prior to exposures. Recombinant MBP
was used as a control.
Functional heterologous assays
First, the tested OR genes were amplified from genomic
DNA and cloned into pGEM-T-Easy Vector (Promega).
PCR was then used to insert EcoRI and NotI restriction
sites, which were then used to transfer the OR gene to
pCI vector (containing the first 20 amino acids of rhod-
opsin ‘Rho’ tag). Hana3A cells, derived from HEK293,
constitutively express RTP1L, RTP2, and REEP1, which
are involved in trafficking of the receptor to the extracel-
lular membrane, and Gαolf [24]. In this cell line, ligand
detection leads to an increase in the intracellular con-
centration of cAMP; this messenger is then assayed
based on its effect on a second construct bearing a
cAMP-responsive promoter driving the expression of
secreted alkaline phosphatase (SEAP) [34]. Prior to the
experiments, cells were maintained in Minimal Essential
Medium with Earle’s Salts supplemented with L-
glutamine (Invitrogen), 10 % FBS and penicillin, strepto-
mycin, and amphotericin, and split 1:20 every 3–4 days.
Fifty thousand Hana3A cells were placed in each well of
a 96-well plate in a total volume of 200 μL MEM with
10 % FBS and, after 24 hours, were transfected with the
following plasmids using Lipofectamine2000 (0.3 μL/well
in 200 μL MEM; Invitrogen): pCI-Rho-OR (20 ng/well),
RTP1S (another accessory factor which aids trafficking
of the receptor to the cell membrane, 20 ng/well), and
pCRE-SEAP, which expresses secreted alkaline phos-
phatase using the cAMP-response element promoter
(20 ng/well, Clontech). After 18–24 hours, the transfection
medium was removed using a multi-channel aspirator, and
replaced, for 14–18 hours, with serial dilutions in half-log
steps of an odorant diluted with MEM, followed by 2-hour
incubation at 70 °C to lyse the cells. The plates were then
left to equilibrate to room temperature. Fifty microliters
from each well containing cell lysate were transferred to a
new 96-well plate, to which 50 μL of 1.2 mM 4-MUP in
2 M diethanolamine were added. The plates were then in-
cubated at room temperature for 30–45 minutes. Fluores-
cence was measured using a PHERAStar Plus plate reader
(BMG Labtech), with a filter unit for an excitation wave-
length of 360 nm, and an emission wavelength of 450 nm.
In order to compare responses between plates and receptor
genes, SEAP fluorescence values were normalized to the
fluorescence of wells containing non-stimulated cells (‘fold-
change activation’).
Behavioral analyses
To ensure the identification of instinctive behaviors, ani-
mals had no previous exposure to odors from other animal
species, and subjects exposed to conspecific chemosignals
were kept individually caged for at least 4 days prior to the
experiment. All subjects were exposed to odor, monitored
for behavior, and subsequently processed for ISH, ensuring
that the cellular responses and behaviors were analyzed
from the same individuals and no animals were re-used.
Wild-type (TrpC2+/+) or Trpc2-/-, 3- to 4-month-old sexu-
ally naive males or virgin, nulliparous, females were ex-
posed to one or two C57BL/6 pups. These pups do not
carry scents from the father, because the adult male was re-
moved from the breeding cage prior to pup delivery. Pups
were always introduced to the subject’s home cage far from
the nesting area. Each behavioral assay proceeded for 5 mi-
nutes; when VNOs from the same animals were assayed for
activation by ISH, the exposures proceeded for a total of
45 minutes. We scored episodes of pup retrieval, defined as
the event in which the animal is carried around by the adult
and placed in the nesting area, as well as pup-directed ag-
gression episodes, which were counted based on visual in-
spection that the pup had been attacked, an event usually
accompanied by squeaking. Investigation episodes, includ-
ing those that led to pup retrieval, were also counted.
Statistical analyses
Statistical analyses were performed using R and Stat
packages, and XLSTAT add-on in Excel. For comparing
mean behavioral output measurements, we applied one-
way Analysis of Variance (ANOVA), followed by Tukey-
Kramer HSD post-hoc analysis. For calculating the mean
number of cells per section expressing a certain gene, n
equals the number of scored histological sections, which
were collected from a certain number of mice (this in-
formation is indicated in the text, together with the
mean, or in Additional file 7: Table S1 and Additional
file 10: Table S2); for cell count scoring, sections were
chosen randomly from the set of stained sections. For
calculating the mean percentage of Olfr692-expressing
cells activated by a given stimulus (Egr1-positive), n
equals the number of mice; for each individual, the per-
centage count is the mean of all imaged sections, which
were randomly chosen among all sections on the slide
(see Additional file 7: Table S1 for a complete list of
groups analyzed, number of sections scored and number
of mice from which these were collected). For
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comparing mean numbers of Egr1/Olfr692 doubly-
positive cells or the mean percentage of activated
Olfr692-expressing cells in males and females exposed to
pup odors, we applied two-sample Welch’s t-test assum-
ing unequal variances. P values (probability that the null
hypothesis that the means are equal is true) greater than
0.05 led to rejection of the null hypothesis in all tests.
Availability of supporting data
The newborn olfactory organ RNA sequencing dataset
supporting the results of this article is available in the
European Nucleotide Archive under accession number
PRJEB1607, found at https://www.ebi.ac.uk/ena/data/
view/PRJEB1607.
Additional files
Additional file 1: Figure S1. Investigation of expression of OR genes in
the VNO by in situ hybridization (ISH) and supporting control data for
Olfr692 expression. (a) Olfr691, the OR gene located closest to Olfr692 in
the mouse genome, is not expressed in the VNO, nor are two other OR
genes not found in the VNO RNA sequencing library (Olfr638 and Olfr569).
The same probes label several neurons in the MOE. Images are representative
from sets of 12 sections, from 3 mice. (b-d) Chromogenic (left panels) and
fluorescent (right) ISH images with probes for V2R receptor genes Vmn2r41
(b), Vmn2r107 (c) and Vmn2r69 (d). See also Additional file 2: Dataset S1 and
Additional file 6: Figure S5 for probe validations. (e) Chromogenic (left) or
fluorescent (right) ISH for Olfr78 in the VNO (representative from 14 sections,
7 mice). (f) Quantitation of location of Olfr692- and Olfr78-positive cells in the
VNO apical (blue bars) or basal (red bars) zones (error bars are SEM; n = 48
sections, 4 sections per mouse, for Olfr692; n = 12 sections, 2 sections per
mouse, for Olfr78). See also Additional file 3: Figure S2e. (g) Chromogenic ISH
for Olfr1512 on VNO (left; representative from 27 sections, 3 mice) and MOE
sections (right; representative from 24 sections). (h-j) Absence of VNO
expression for Olfr124 (h, left and middle panels; representative from 32
sections, 16 mice) and Olfr1509 (i; representative from 8 sections, 4 mice).
Probe validations in the MOE for Olfr124 (h, right; representative from 12
sections, 6 animals) and Olfr1509 (j; representative from 8 sections, 4 mice).
(k) Olfr124 is highly expressed in the Septal Organ of Masera (representative
from 12 sections, 4 mice). lu, VNO lumen; ep, MOE sensory epithelium; som,
Septal Organ of Masera (SOM); spt, nasal septum. Scale bars represent 100
µm. Nuclear staining is DAPI labeling (blue). (PDF 1.56 MB)
Additional file 2: Dataset S1. Pairwise nucleotide sequence similarity
for V2R receptors and probe sequence information. ‘V2R pairwise
similarity matrix’ spreadsheet: Numbers in each cell represent nucleotide
sequence similarity between a pair of V2R sequences in the region where
in situ hybridization probes were designed. Similarity levels were
calculated from genetic distance matrices produced from multiple
alignments generated in MEGA used to construct phylogenetic trees in
Additional file 6: Figure S5, according to the formula d = -3/4 ln (1-4/3 D),
where d is the genetic distance and D is the fraction of nucleotide sites
that differ between the pair of sequences being compared. The receptors
are grouped into subclades, shown on the left, according to similarity
levels. Triangles of yellow cells indicate comparisons between pairs of
V2R sequences in the same subclade. ‘Oligo sequences’ spreadsheet:
Sequences of oligonucleotides used as primers to amplify specific regions
in target genes to be used for probe synthesis. (XLSX 104 kb)
Additional file 3: Figure S2. Control experiments for in situ hybridization
investigation (ISH) of the expression of genes for signal transduction
molecules in Olfr692-positive cells. (a) The gene for transient receptor
potential member TrpC2, characteristic of VSNs, is expressed in a very
limited subset of MOE sensory neurons (chromogenic detection following
ISH), but these OSNs do not express Olfr692, which would appear as green
fluorescent cells in the middle panel (images representative from a set of 21
sections, from seven mice). Blue is DAPI nuclear staining. (b) The gene for
cyclic nucleotide gated channel subunit cyclic-nucleotide gated channel
(CNGA2), characteristic of MOE OSNs (chromogenic ISH in the right panel),
is not expressed in the VNO (left). Middle panel shows a higher magnifica-
tion image of the leftmost panel. For the VNO, images are representative
from a set of 12 sections, from six mice; for the MOE, images are from a set
of 12 sections, from three mice. (c, d) Double fluorescent ISH shows that
the gene for Gαolf subunit of heterotrimeric G protein (green fluorescence),
characteristic of OSNs, is co-expressed with Olfr692 (red) in the MOE (d), but
is not expressed in the VNO (absent green fluorescent signal in c). Nuclear
staining is To-Pro-3 labeling (blue). Microscopy images are representative
from the set of scored sections indicated in Additional file 10: Table S2. (e)
Double fluorescent ISH shows that Olfr692 (green) and Olfr78 (red) are not
co-expressed in the same cells, suggesting that their expression is singular
(images representative from a set of 16 sections, from four mice). Quan-
tification of co-labeling counts is summarized in Additional file 10:
Table S2. lu, VNO lumen; ep, MOE sensory epithelium. Scale bars
represent 100 μm. (PDF 2.18 MB)
Additional file 4: Figure S3. Investigation of co-expression of Olfr692
with genes for V2R vomeronasal receptors in clade A. (a–d) Double in
situ hybridization on VNO sections showing that Olfr692-positive cells do
not overlap with the expression of genes for V2R receptors in clade A,
detected with probes able to recognize members of subclades A1 (a), A4
(b), A5 (c and c’), A8 (d), A9 (e), A2 (f) and A3 (g). Middle and right panels
in (a–d) and left and right panels in (e–g) show the overlay between
Olfr692 staining (red fluorescence in a–d and chromogenic staining with
BCIP/NBT in purple in e–g), To-Pro-3 nuclear staining (blue signal) and
staining for V2R receptor genes (chromogenic development in a–d and
fluorescent staining in e–g). For a, b and d–g, the right panel is a higher
magnification image to evidence absence of co-expression. Microscopy
images are representative from the set of scored sections indicated in
Additional file 10: Table S2. Details on quantification of co-labeling counts are
summarized in Additional file 10: Table S2. lu, VNO lumen. Scale bars repre-
sent 100 μm; panels without scale bars have the same magnification as the
top leftmost panel. Nuclear staining is To-Pro-3 labeling (blue). (PDF 1.36 MB)
Additional file 5: Figure S4. Investigation of co-expression of Olfr692
with genes for V2R vomeronasal receptors in clades B, C and D, and
H2-Mv MHC molecules. (a, b) Double in situ hybridization (ISH) on VNO
sections showing that Olfr692-positive cells do not overlap with the
expression of V2R genes in clades B (a) and D (b). Middle and right
panels show the overlay between staining for Olfr692 (red), To-Pro-3
(blue), and V2Rs. The right panels are higher magnification images of the
middle panels to evidence absence of co-expression. (c) Control staining
to show that the microscopy technique used is sufficient to visualize ISH
fluorescent signal (left) even in the presence of overlapping purple
precipitate from chromogenic development (middle and right panels).
(d, e) Double fluorescent ISH to investigate co-expression of Olfr692 (red)
and V2R receptor genes in clade C (green). Insets are higher magnification
images to evidence high co-expression with Vmn2r2 (d) but limited co-
expression with Vmn2r1 (e). (f) Double fluorescent ISH experiment showing
absence of co-localization of fluorescent signals for Olfr692 (green) and a
probe for H2-Mv member M10.2 (red). (f’) Another example of absence of
M10.2 and Olfr692 co-expression (higher magnification image in inset). (g)
Chromogenic ISH with two probes for H2-Mv members M10.5 and M10.6
(middle panel) combined with fluorescent detection of Olfr692 (red; left
panel) reveals partial co-localization. The right panel is an overlay between
the chromogenic signal, false-colored in white, and fluorescence,
evidencing co-labeling (yellow arrowheads). Microscopy images are
representative from the set of scored sections indicated in Additional file 10:
Table S2. Details on quantification of co-labeling counts are summarized in
Additional file 10: Table S2. lu, VNO lumen. Scale bars represent 100 μm;
panels without scale bars have the same magnification as the top leftmost
panel. Nuclear staining is To-Pro-3 labeling (blue). (PDF 1.54 MB)
Additional file 6: Figure S5. In situ hybridization (ISH) probe validation
for highly similar genes in the V2R family of vomeronasal receptors,
expressed in the basal VNO layer. (a) Double fluorescent ISH with two
probes labeled with different haptens (fluorescein, FLU, marked in green
fluorescence, and digoxigenin, DIG, in red fluorescence) designed to
detect the same V2R gene results in labeling of the same cells, showing
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that the ISH protocol and subsequent fluorescent detection consistently
and robustly label the same subpopulation of VNO sensory neurons with
probes for the same gene. (b–d) Double fluorescent ISH with probes for
two genes in the same clade of V2R receptors (left panel) leads to
labeling of largely overlapping subsets of cells in the VNO (middle panel)
for receptors in clades A4 (b and c) and A1 (d). The right panels show
quantification of singly (green and red leftmost bars) or doubly (yellow
rightmost bar) stained cells per VNO section. (e) Probes for a pair of V2R
receptors in the large A8 clade (Vmn2r90 and Vmn2r107; left) do not
result in significant co-labeling in double ISH experiments (middle and
right panels). Therefore, in subsequent experiments, a combination of
Vmn2r90 and Vmn2r107 probes was used for this clade. (f, g) Probes for
receptors in different V2R subclades [A4 and A3 (f) and A4 and A8 (g)] do
not result in significant co-labeling in double fluorescent ISH experiments.
Images are representative from 16–24 sections, from 4-6 mice. For the cell
counts in the right panels, calculations were performed over n = 12 sections,
from four mice. lu, VNO lumen. Scale bars represent 100 μm. (PDF 627 kb)
Additional file 7: Table S1. Quantification of activity in Olfr692-positive
cells by double in situ hybridization. Quantification of labeled cells in
experiments to investigate co-localization between Olfr692 and the VNO
neuronal activation marker Egr1 in VNO sections from animals exposed to
a range of odorous stimuli (left column). Each n indicates the number of
animals studied. For most subjects, one or two randomly chosen sections
were used per animal, and the cell count for each subject was the mean
calculated from counts taken from those sections. The total number of
imaged sections is indicated in the third column. Mean ± SEM. (DOCX 15 kb)
Additional file 8: Figure S6. Investigation of activation of Olfr692-
expressing cells by aliphatic acids in vivo and odorant screening in
Olfr692-expressing heterologous cells using SEAP assay. (a) Olfr692-
expressing cells are not activated by short-chain aliphatic acids, such as
heptanoic, octanoic, nonanoic, and decanoic acids. See also Additional
file 7: Table S1 and references [49, 50]. (b) Screening of Olfr692-expressing
artificially modified Hana3a heterologous cells with aliphatic acids
presented at different concentrations shows no stimulus-induced activity
(alkaline phosphatase output in black lines; positive control response for
receptor Olfr544 [49] in red line). Responses were normalized against
maximum response in Olfr544-expressing control cells exposed to
nonanedioic acid. Mean ± SEM. lu, VNO lumen. Scale bars represent 100
μm. Nuclear staining is To-Pro-3 labeling (blue). (c) Functional assay with
a panel of 70 odorants in Olfr692-expressing Hana3a cells. Although serial
dilutions in half-log steps from 10–3–10–7 M were used, only the
concentrations which gave the maximum fold-change for Olfr692 are
shown for each odorant. The x-axis indicates the SEAP signal fold-change
for Olfr692-expressing cells relative to Hana3a cells with no OR. The y-axis
shows signal fold-change over baseline. Stimulus categories are color-
coded, to indicate stimuli that activate VSNs in vitro, pheromones and
kairomones, stimuli that can still be detected by mice even in the
absence of a functional MOE (AC3-/- mice), or known class I OR ligands.
(c’) Immunocytochemistry against the Rho tag to show cell surface
expression of Olfr692 (red) in Hana3a transfected cells. (d) Full concentration-
response curves for odorants which gave a fold-change over baseline ≥2.5
and fold-change over no-OR control >1.0 in (c). P values are for interaction of
receptor and concentration of odorant, two-way ANOVA. Colored lines
indicate Hana3a cells expressing Olfr692, in comparison with "no-OR" control
cells (black lines). (PDF 1.97 MB)
Additional file 9: Figure S7. Supporting experiments on activation of
the Olfr692-expressing population by pup odors. (a) Double in situ
hybridization (ISH) experiment with probes for Egr1 (red fluorescence)
and Olfr692 (green) to show that pup odors collected by washing pups
with warm PBS and deposited on gauze are able to activate the Olfr692-
expressing population in vivo. Images are representative from a set of 20
imaged sections, from n = 4 animals. (b) Egr1/Olfr692 double ISH experiment
to show that pups placed inside a plastic capsule bearing 4-mm
wide holes are able to activate the Olfr692-expressing population.
Images are representative from a set of 20 imaged sections, from n = 4
animals. Mean ± SEM. lu, VNO lumen. Scale bars represent 25 μm. Nuclear
staining is To-Pro-3 labeling (blue). (PDF 118 kb)
Additional file 10: Table S2. Quantification of co-labeling in double in
situ hybridization (ISH) experiments with cell type-specific molecular markers.
Numbers of singly or doubly labeled cells in double ISH experiments to
investigate co-localization between Olfr692 and several molecular markers of
VNO and MOE neurons. Each n indicates the number of sections studied.
The total number of mice from which these sections were taken is indicated
in the thirds column. Mean ± SEM; n.d. = non-determined. (DOCX 15 kb)
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